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Abstract
Control of Exciton Photon Coupling in Nano-structures
by
Xiaoze Liu
Advisor: Professor Vinod M. Menon
In this thesis, we study the interaction of excitons with photons and plasmons and methods to control and enhance this interaction. This study is categorized in three parts: lightmatter interaction in microcavity structures, direct dipole-dipole interactions, and plasmonexciton interaction in metal-semiconductor systems.
In the microcavity structures, the light-matter interactions become significant when the
excitonic energy is in resonance with microcavity photons. New hybrid quantum states
named polariton states will be formed if the strong coupling regime is achieved, where the
interaction rate is faster than the average decay rate of the excitons and photons. Polaritons
have been investigated in zinc oxide (ZnO) nanoparticles based microcavity at room temperature and stimulated emission of the polaritons has also been observed with a low optical
pump threshold.
Exictons in organic semiconductors (modeled as Frenkel excitons) are tightly bound to
molecular sites, and differ considerably from loosely bound hydrogen atom-like inorganic
excitons (modeled as Wannier-Mott excitons). This fundamental difference results in distinct
optoelectronic properties. Not only strongly coupled to Wannier-Mott excitons in ZnO, the
microcavity photons have also been observed to be simultaneously coupled to Frenkel excitons
in 3,4,7,8-naphthalene tetracarboxylic dianhydride (NTCDA). The photons here act like a
glue combining Wannier-Mott and Frenkel excitons into new hybrid polaritons taking the
best from both constituents.
Two-dimensional (2D) excitons in monolayer transition metal dichalcogenides (TMDs)
have emerged as a new and fascinating type of Wannier-Mott-like excitons due to direct
bandgap transition, huge oscillator strength and large binding energy. Monolayer molybdenum disulfide (MoS2 ) has been incorporated into the microcavity structure and 2D excitonpolaritons have been observed for the first time with directional emission in the strong
coupling regime. Valley polarization has also been discussed in this MoS2 microcavity for
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the possible applications in spin switches and logic gates.
The direct dipole-dipole type excitonic interactions have also been studied in inorganicorganic nanocomposites, where ZnO nanowire is taken as the inorganic constituent and
NTCDA thin films as the organic constituent. The excitonic interactions can be classified
into weak coupling regime and strong coupling regime. Förster Resonant Energy Transfer
(FRET), which is in the weak coupling regime, has been observed in this hybrid system.
The optimized optical nonlinearity has also been determined in the hybrid system via Zscan measurements.
Exciton-plasmon polariton, another example of strongly coupled state which results from
the interaction between excitons and plasmons when they are in resonance, has also been
investigated in this thesis. Two rhodamine dyes spincoated on the silver thin films have separately been observed to be strongly coupled to the surface plasmon modes. With observed
new polariton states, energy transfer mechanism has been discussed for nonlinear optical
applications.
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Chapter 1

Introduction
Optical devices have become an essential part of our lives due to a wide array of applications such as all-optical switches, light-emitting device (LED), optical memory, spectroscopy,
imaging, ultrashort pulse generation, entangled photon generation, and quantum cryptography. These optical devices and processed require materials that exhibit efficient optical
response. However, most materials that occur in nature show some limitations in their response. For example, the inorganic semiconductors for the all optical switches show large
nonlinear optical response, but are limited to low saturation density under high optical intensity regime[5, 6]; however, in the case of organic semiconductors, a higher saturation
density comes with a much lower nonlinear optical response[5, 6]. In the case of biological imaging, Förster resonant energy transfer (FRET) among molecules and semiconductor
nanostructures has been attracting great attentions due to the efficient energy transfer channel via dipole-dipole interaction[47, 124]. Despite this, FRET lacks the range to allow the
energy transfer over distance greater than 10nm[82, 86]. On the other hand, the suface plasmon polaritons (SPPs) in the metal thin films and nanostructures are shown to have a long
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correlation distance (∼ 5µm)[118], which are promising channels for energy transfers[56].
Recently the microcavity polaritons in GaAs quantum well systems were demonstrated as
new class of low-threshold lasers[18, 19, 128] that do not require population inversion. These
demonstrations required control of nanofabrication and some extreme operating conditions
(like high magnetic fields and low temperatures) are still needed. Monolayer transition
metal dichalcogenides (TMDs) have overcome the nanofabrication and operating condition
limits, indicating a revolutionary new group of direct bandgap semiconductors in the two dimensional (2D) limits[105]. Nevertheless, the applications of monolayer molybdenum disulfide (MoS2 ) and molybdenum diselenide (MoSe2 ) are hindered due to very low quantum
efficiencies[101, 139, 159]. To develop new hybrid systems which can take the advantages
from the constituents is of great significance to both fundamental and technological applications. The theme of this thesis is to explore the possibilities of hybridizing various systems by
controlling exciton-photon-plasmon interactions, and demonstrate the novel physical properties taking the best from the constituents.
One typical example for these hybrid systems is microcavity structure where light-matter
interaction happens in the resonances of excitons and photons. It can be classified into weak
coupling regime and strong coupling regime depending upon the interaction strengths. In
weak coupling regime, the energy states, emission directionality and radiation dynamics of
excitons are modified by the cavity photon modes[125]. Enhancements of radiative quantum
efficiency is expected when the radiative rate is faster than the interaction rate[125]. When
the interaction rate is faster than the average decay rate of excitons and photons, strong
coupling regime is achieved[38]. New quasi-particles called polaritons are formed and new
eigenstates of the system can be observed. The polaritons are hybrid mixture of half-exciton
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and half-photon, not only borrowing properties from both components, but also exhibits
novel phenomena similar to Bose-Einstein condensation in solid state systems[38]. Since
polaritons inherit physical properties from their excitonic constituent, they have also been
investigated as carriers of hybrid organic/inorganic excitons for the nonlinear optical device
applications[5, 6, 61, 87, 93, 151].
The hybrid systems can also be realized via direct excitonic coupling, which is modeled
via electrical dipole-dipole interactions[5, 6]. Similarly, the dipole-dipole interactions are
also categorized into weak coupling regime and strong coupling regime. In strong coupling
regime, quantum-mechanical mixing and energy level splitting can take place only at the
resonance of two exciton states if the dissipative rates of both states are smaller than the
magnitude of the energy splitting[5, 6]. On the other hand, in the weak coupling regime,
one exciton in the donor materials, would transfer its energy to the ground state in the
acceptor. One typical example in this is FRET process[47, 124], which strongly depends on
the distance and orientation between the two dipoles[82, 86].
In addition, hybrid systems can be designed in the coupling of SPPs and excitons.
SPPs are electron charge oscillators supported at the interface of metal and a dielectric
material[118]. If the dielectric material is semiconductor with exciton energy in resonance
with SPP modes, the interaction between SPP and exciton can also also classified as weak
and strong coupling regimes. In strong coupling regime, new polariton eigenstates are also
expected with newly defined dispersion[17, 55, 58] and long propagation length[56, 134]. In
the weak coupling regime, SPPs also enhance radiative decay of excitons and largely alter
the exciton emission dynamics[10, 68, 148].
Chapter 2 describes the fundamental physics of excitonic systems, microcavity polaritons,

4
nonlinear optics, 2D excitonic systems and plasmonic systems. Chapter 3 introduces the
various experimental techniques used in fabrication and characterization of the samples.
The thesis is split into three parts at this point. Part I talks about the hybrid systems in the
microcavities including Chapters 4, 5 and 6. Chapter 4 talks about the microcavity system
based on zinc oxide (ZnO) nanoparticles. Chapter 5 is about the hybrid microcavity system
with ZnO and 3,4,7,8-naphthalene tetracarboxylic dianhydride (NTCDA). And Chapter 6
investigates a microcavity system with monolayer MoS2 . We then move to Part II, which
deals with the weak excitonic coupling in hybrid organic/inorganic system including Chapter
7. In this part, the relation of weak excitonic coupling and optical nonlinearity will be
discussed. Following in part III, we discuss strong coupling between SPP and excitons in
a metal-semiconductor system. Finally Chapter 9 summarizes the thesis and presents an
outlook for future work.

5

Chapter 2

Fundamental Physics of This Thesis

2.1

Two Models of Excitons

Semiconductors are loosely defined as a material with electrical conductivity in the range
of 10−2 -109 Ω·cm, and typical bandgap in the range of 0-4 eV[14, 78]. The electronic excitations known as excitons play a fundamental role in the optical properties of semiconductor
solids. They correspond to electron-hole pairs under Coulomb interactions in the excited
states. There are three models conventionally used to classify excitons[6]: the large-radius
Wannier-Mott exciton, charge-transfer exciton and Frenkel exciton. In this thesis, we will
focus on the Wannier-Mott and Frenkel excitons.
Wannier-Mott excitons, characteristic of inorganic semiconductors[147], where the excitation happens through the valance-conduction band transition. In crystalline periodic
potentials, the Bohr radius of Wannier-Mott excitons exceeds many atomic lattice sites, and
thus become more weakly bound and delocalized. The internal structure of Wannier-Mott excitons can be represented by hydrogen-like model. Based on this model, the time-independent
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Schrödinger’s equation for excitons may be written as [78]:
ĤΦ(re , rh ) = EΦ(re , rh )
In terms of the center-of-mass R =

me re +mh rh
me +mh

(2.1)

and relative coordinate r = re − rh , where

me(h) is the mass of electron (hole) and re(h) is the position vector of electron (hole), repectively, the equation (2.1) can be transformed into:
~2 2
∇ ψ(R) = ER ψ(R)
2M R
 2

~ 2 e2
− ∇r −
φ(r) = Er φ(r)
2µ
εr
−

(2.2a)
(2.2b)

−1
where µ is the reduced mass defined by µ−1 = m−1
e + mh . Thus we can write the solutions

to the above equations as:
ER =

~2 k 2
2M

En = Egap +

(2.3a)
~2 k 2 R∗
− 2
2M
n

(2.3b)

where k is the wavenumber, R∗ is the Rydberg constant, known as the binding energy, for
the exciton defined by R∗ = µe4 /(2~2 ε2 ). Schematic of the band structure is shown in Fig.
2.1. For a typical semiconductor such as bulk GaAs the exciton radius is approximately 15
nm and the corresponding binding energy R∗ ≈1.5 meV[78]. This binding energy is small
compared to typical phonon energies at room temperature which are approximately 25 meV
and thus modified structures and wide bandgap materials that allow larger binding energies
must be used to observe excitonic effects at room temperature.
On the other hand, in organic semiconductors, the energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is
analogous to the valence-conduction band gap of inorganic semiconductors[14]. Thus, here
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Figure 2.1: Schematic of the energies of an exciton for a simple band structure with both
conduction and valence band. The energy levels are parabolic due to the unrestricted kinetic
energy of the center-of-mass motion of the exciton.

the exciton (electron-hole pair) is placed on the same molecule, and modeled as a Frenkel
exciton[48]. Frenkel excitons are more localized to the molecular site and generally have
radii comparable to the lattice constant a ≈ 0.5 nm.
In the molecular system, the Hamiltonian can be written with the electron mass me and
nuclei mass MN as[14]:
Ĥ = Tˆe + TˆN + V̂ (r, R).

(2.4)

where,
~2 2
∇
Tˆe = −
2me R
~2
TˆN = −
∇2r
2MN

(2.5a)
(2.5b)

are the kinetic energy operators for the electrons and nuclei for the molecule, R and r denote
the position vectors of the nuclei and electron, respectively. The potential energy V̂ (r, R)
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includes interactions between all particles in the system.

Figure 2.2: Molecular energy diagram showing the change in the nuclear configuration between the ground and first excited states. Adapted from http://en.wikipedia.org/wiki/
Franck-Condon_principle.

Since the nuclei mass is much larger than the electron mass, the electrons are expected to
respond almost instantaneously to the displacement of the nuclei, which can be approximated
as fixed[14]. In this case, the Born-Oppenheimer approximation could be applied to solve the
motion of the electrons, where the trial wave function for the time-independent Schrödinger
equation (2.1) of this system can be written as[14]:
Φ(r, R) = Φe (r, R)ΦN (R)

(2.6)
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In the adiabatic limit, we can solve the equation as[14]:
Tˆe Φe + V̂ Φe = Ee (R)Φe
TˆN ΦN + Ee ΦN = EΦN

(2.7a)
(2.7b)

where the eigenvalue E of this equation is the total energy of the molecule within the limits of
the Born-Oppenheimer approximation, and the eigenvalue Ee (R) represent the eigenstates
of electrons, depending on the nuclear coordinate and thus giving the molecular potential
energy curve. A typical family of molecular energy curves is plotted in Fig. 2.2. The nuclear
configuration is different by q01 for the ground and first excited electronic states.

2.2

Direct Excitonic Coupling

Exciton can directly couple via the transition dipoles moments when placed in the proximity of other excitons’ sites [5, 6]. The manifestations of the resonant interaction of excited
states of the hybrid system are significantly affected by the dissipation of these states[5, 6].
At resonance of the two states, familiar quantum-mechanical mixing and energy level splitting, known as the strong coupling, can take place only if the dissipative width of these
resonating states is smaller than the magnitude of the energy splitting. In organic materials,
the dissipative width of excited electronic states is usually large, and the opposite limiting
case of the weak coupling is more typical.
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2.2.1

Förster Resonant Energy Transfer (FRET) in Weak Coupling Regime

In the weak coupling regime, the dipole-dipole interaction from exciton in the donor,
to ground state in the acceptor, takes place if the hybrid constituents have large spectral
overlap between the emission of the donor and the absorption of he acceptor. This is at the
heart of FRET process.
FRET is a strongly distance-dependent process over donor-acceptor separations of a few
nm[47, 82, 86, 124]. The transfer rate kF RET can be theoretically calculated from Joule losses,
in terms of polarization and induced electric field[15], or from the decay rate of donor. The
characteristic FRET distance R0 for a single donor-acceptor pair, usually in the range of
1-10 nm, is defined as the donor-acceptor distance at which the FRET rate kF RET is as fast
as the donor decay rate τD−1 [86]
kF RET = τD−1 (

R0 6
)
rDA

(2.8)

The characteristic distance is given by

R0 = (

9000(ln 10)κ2 QD
· J)1/6
128π 5 N n4

(2.9)

where it depends on the orientation factor κ2 of the donor and acceptor dipoles (2/3 for the
randomly oriented dipoles), the donor quantum efficiency QD in the absence of the acceptors,
Avogadro’s number N , the refractive index of the surrounding medium n, and the spectral
overlap J of the donor and the acceptor. The FRET efficiency is defined as[86]

η=

kF RET (rDA )
+ kF RET (rDA )

τD−1

(2.10)
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Or
η =1−

τDA
τD

(2.11)

−1
Where τDA is the donors lifetime in the presence of acceptor as τDA
= τD−1 + kF RET . The

FRET efficiency could also be typically measured using the relative fluorescence intensity of
the donor, in the absence (FD ) and presence (FDA ) of acceptor
η =1−

FDA
FD

(2.12)

It is worth noting that equation (2.8) only works for a single donor-acceptor pair. For
multiple pairs, kF RET = τD−1

6
i (R0 /ri ) .

P

In a monolayer of molecules or very thin film system

with a 2-dimensional spatial distribution, kF RET ∝ (rDA )−4
Avg [12, 82, 167]; in a uniformly
dispersed 3-dimensional system, kF RET ∝ (rDA )−3
Avg [82].

2.2.2

Strong Coupling Regime

If the energies of excited states in the donor and acceptor coincide and their widths are
very narrow (long decay rate), and they are extremely close (<1 nm), then the dipole-dipole
interaction results in the splitting of the energy levels and the appearance of two hybrid
dimer excited states, known as the strong-coupling regime. If the donor and acceptor pair
are chosen to be of the two exciton types, namely Wannier-Mott and Frenkel excitons, then
the new eigenstates would be characterized by a radius dominated by their Wannier-Mott
component and by an oscillator strength dominated by their Frenkel component[5, 6]. As a
result, the total Hamiltonian Ĥ of the hybridized system can be written as

Ĥ = ĤF + ĤW + Ĥint

(2.13)
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where the Frenkel exicton Hamiltonian is
ĤF =

X

ElF (k)A†l (k)Al (k)

(2.14)

ElW (k)Bl† (k)Bl (k)

(2.15)

lk

the Wannier-Mott Hamiltonian is
ĤW =

X
lk

Here index l labels the space-quantized molecular excitons in ĤF and the Wannier-Mott
excitons in ĤW . Their respective creation operators are denoted as A†l (k) and Bl† (k), the
energies are written dependent only on the wavenumber k = |k|. The interaction Hamiltonian is
Ĥint =

X
hF, l, k|Ĥint |W, l0 , kiA†l (k)Bl0 (k)

(2.16)

l,l0 ,k

The condition of strong coupling regime that |ElF − ElW
0 | being small in comparison with
energy separation from other exciton bands allows one to express the wave function as the
combination of the resonating exciton bands only. We choose as a basis set the ’pure’ Frenkel
and Wannier-Mott states, i. e., the state in which the organic materials get excited, while the
inorganic materials in ground state (denoted by |F, ki), and vice versa (denoted by |W, ki),
omitting the indices l and l0 . Then the hybrid state is in the form
|α, ki = A(k)|F, ki + B(k)|W, ki

(2.17)

where α = u, l labels the two resulting states (upper and lower branches). One can solve
the hybridized energy analytically. If we approximate the Wannier-Mott excitons dispersion
by a parabola with the effective mass, and neglect the Frenkel exciton dispersion due to the
typical effective masses of (5-100) me , one can get hybrid exciton dispersion as [5, 6]

1/2
δ
~2 k 2
~2 k 2 2
δ
2
Eu,l (k) = EW (k = 0) + +
± ( −
) + Γ (k)
2 4mW
2 4mW

(2.18)
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where the detuning δ = EF (k = 0) − EW (k = 0), the effective mass of Wannier-Mott
mW ≈ me + mh , and the interaction parameter
Γ(k) = |hF, k|Ĥint |W, ki|

(2.19)
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Figure 2.3: Dispersion of the upper EU and lower EL branches of hybridized energy and
those of bare Frenkel exciton energy EF and bare Wannier-Mott exciton energy EW . The
detuning of NTCDA (3.39 eV) and ZnO (3.37 eV) is δ = 20 meV.

In the electric dipole approximation, the parameter Γ was theoretically calculated for
quantum well systems[2, 5], parallel quantum wire systems[162], and organic thin film with
inorganic quantum dots systems[42]. For example, in the system of zinc oxide (ZnO) and
3,4,7,8-naphthalene tetracarboxylic dianhydride (NTCDA), the Bohr radius of ZnO exciton
is ∼2.4 nm[72, 107], the effective mass of exciton is ∼ 0.87m0 and the exciton binding energy
is ∼ 60 meV[72, 107], with band gap of ∼ 3.37 eV[72, 107]; NTCDA has lattice constant of
0.78 nm[45], and Frenkel exciton energy (∼ 3.39 eV for the 0-1 transition)[60]. The dispersion
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curve based on these parameters is shown in Fig. 2.3. Anticrossing of the dispersion curves
around the resonant frequency with split modes separated by ∼ 10meV corresponding to the
Rabi frequency.

2.2.3

Optical Nonlinearity of Coupled Excitons

The relatively large Bohr radius aB in the Wannier-Mott exciton, results in small exciton
saturation density. For example, the saturation density ns ∝ 1/(πaB )2 in an inorganic
quantum well. On the other hand, the Frenkel exciton radius aF is very small and comparable
to the lattice constant a, corresponding a larger saturation density ns ∝ 1/a3 . For example,
aB ≈10 nm in III-V materials[78] and aB ≈3 nm in II-VI materials[107], while in organic
materials aF ≈ a ≈ 0.5 nm[14]. The oscillator strength of a Frenkel exciton is close to
molecular oscillator strength F , and due to the substantial overlap of electron and hole wave
functions in a molecule, this can become very large (on the order of unity). The oscillator
strength f of a Wannier-Mott exciton, on the other hand, is usually much weaker. For
−1
−4
example, in a III-V quantum well f ≈ (a3 a−2
B L )F ≈ 10 F , where L is the quantum well

width (aB > L > a).
A commonly used figure of merit (FOM) for any nonlinear material is Ip−1 (∆χ/χ), where
∆χ is the nonlinear change in susceptibility in the presence of a pump beam of intensity,
Ip . Neither types of excitons offer the ideal scenario for very large FOM for the nonlinear
materials[5, 6].
In a material exhibiting centrosymmetry, the even-ordered susceptibilities χ from the
electric dipole vanish and the first nonlinear susceptibility term to give a non-zero contri-
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bution is the third-order susceptibility χ(3) [22]. The resonant optical nonlinearity χ(3) is
proportional to the concentration of excitons in the system. In the weak coupling regime,
the increase of the optical nonlinearity would be due to the absorption of incident light by
the organic component followed by energy transfer from the organic to the inorganic component resulting in increased WM exciton concentration[6]. In the strong coupling regime, the
hybrid exciton concentration nhybr is determined by the absorption of the incident radiation
by the organic component of the hybrid excitons and therefore nhybr ∝ F Ip , where F ∝ a−2
F
is the oscillator strength of the organic layer, Ip is the pumping intensity. At the same time,
the saturation density in the hybrid structure is nearly the same as in the stand-alone inorganic component, nhybr ≈ ns,W M − 1/(πa2B ). The FOM of nonlinearity Ip−1 (∆χ/χ), where
∆χ/χ ∝ n/ns , could be approximated as [6]
FOM = Ip−1 (

2.3

∆χ
aB
) ≈ ( )2
χ
aF

(2.20)

Excitons in Transition Metal Dichalcogenides (TMDs)

Recent research has shown that in addition to the composition and arrangement of atoms
in materials, dimensionality plays a crucial role in determining their fundamental properties. Many two-dimensional (2D) materials exist in bulk form as stacks of strongly bonded
layers with weak interlayer attraction, allowing exfoliation into individual atomically thin
layers[105]. This has been most strikingly highlighted over the past few years with 2D
graphene, which exhibits several exotic condensed-matter phenomena that are absent in
bulk graphite[26, 53]. However, due to the lack of energy gap in the band structure of
graphene, considerable attention has shifted towards 2D transition metal dichalcogenides
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(TMDs)[29, 146] whose bandgaps lie within the visible and near infrared spectral range.
The properties of bulk TMDs are diverse, ranging from insulators such as HfS2 , semiconductors such as MoS2 , semimetals such as WTe2 , to true metals such as NbS2 [29]. Exfoliation
of these materials into mono- or few-layers not only preserves their properties, and also leads
to additional characteristics due to quantum mechanical effects[29, 146]. In the semiconductor community, MX2 (where M = Mo and W, X = S and Se) has attracted the most
scientific and engineering interests.

2.3.1

New Direct Band-gap Semiconductors

The Bulk MX2 (where M = Mo and W, X = S and Se) crystals are a group of indirectgap semiconductors with band gaps ranging from 1.1-1.4 eV[146]. Their layered structures
are similar to graphite, and the monolayers consist of two X atomic layers sandwiching one
M atomic layers, as shown in Fig. 2.4 (a)[146]. The layered structures labeled 2H with
hexagonal symmetry, have two layers per unit cell with trigonal prismatic coordination[146].
The typical monolayer thickness of MoS2 of 0.65 nm is also shown in Fig. 2.4 (b)[117].
Due to the quantum confinements in the normal direction of the layers, the MX2 crystals
exhibit a crossover from an indirect- to direct-gap semiconductor in the monolayer limit[81,
101]. In addition, the PL quantum yield (QY) shows a dramatic enhancement going from
the dark bulk crystal to the bright monolayer[101, 133]as shown in Fig. 2.4 (c). The band
structures of bulk and monolayer MoS2 and WS2 calculated from first principles are shown
in Fig. 2.4 (d) and (e)[81]. At the Γ-point, the band gap transition is indirect for the
bulk material, but gradually shifts to be direct for the monolayer[81]. The direct excitonic
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(a)

(d)

(b)

(c)

(e)

Figure 2.4: (a) Schematics of the structural types 2H: hexagonal symmetry, where there are
two layers per unit with trigonal prismatic coordination. The chalcogen atoms (X) are yellow
and transition metal atoms (M) are gray. Adapted from Ref [146]. (b) Three -dimensional
schematic of MoS2 structure with a monolayer thickness of 0.65 nm. Adapted from Ref
)[117]. (c) Photoluminescence (PL) spectra for mono- and bilayer MoS2 samples in the
photon energy range 1.3-2.2 eV. Inset: PL quantum yield (QY) of thin layers for N = 1-6.
Adapted from Ref [101]. (d), (e) Band structures calculated from first-principles density
functional theory for bulk and monolayer MoS2 and WS2 [81].
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transitions at the K-point remain relatively unchanged with layer number. In addition, in
the 2D quantum confinement limits, the exciton can be modeled as Wannier-Mott exciton,
and was theoretically predicted and experimentally demonstrated with a binding energy >
0.3 eV with Bohr radius of ∼ 2 nm [28, 116, 120]. These properties differ significantly from
conventional Wannier-Mott exciton in inorganic semiconductors.

2.3.2

Valley Polarizations and Emission Directionality of TMD
Excitons

In the band structures of TMDs, the direct band gap is located at the K (K’) points of
two-dimensional hexagonal Brillouin zone within both conduction and valence band edges.
In addition, the inversion symmetry presented in bulk and thin films with an even number of
layers is broken because the two sub-lattices are occupied, respectively, by one molybdenum
and two sulfur atoms, as in the schematic of Fig. 2.4 (a). This results in a valley specific
optical selection rule, where the inter-band transitions in the vicinity of the K (K’) point
couple exclusively to right (left)-handed circularly polarized light σ+ (σ−)[25, 155, 156, 158].
The valley index from these systems can be regarded as a discrete degree of freedom for
information carriers[156].
First experimental demonstrations of full control of valley polarization in monolayer MoS2
were carried out by three groups almost at the same time[25, 100, 165]. Circularly polarized photoluminescence (PL) and optical helicity (ρ) spectra is shown in Fig. 2.5 (a)[25].
This valley polarization phenomenon is exclusively observed only in monolayer materials
and disappear in bilayers[100, 165]. In addition, the valley polarization in MoS2 can only be
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(a)

(b)

Figure 2.5: (a) Circularly polarized PL of monolayer MoS2 at 83 K, along with the degree
of circular polarization of PL spectra. The red and blue curves correspond to the intensities
of σ+ and σ− polarizations, respectively. The black curve is the net degree of polarization.
Adapted from Ref [25]. (b) Experimental momentun spectra of peak PL from a monolayer of
MoS2 . k0 is the total wavenumber of the emission light and kk is the corresponding in-plane
wavenumber of the emission light at specific collection angle. Inset: the full s-polarized back
focal plane image, which closed resembles the calculated in-plane back focal plane. Solid
lines: experimental s- and p-polarized cross-sections at PL peak. Dashed lines: simulated sand p-polarized cross-sections. Adapted from Ref [129].
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preserved with resonant excitation at low temperature, due to possible intra-band relaxation
process and phonons dominating the inter-valley scattering at high temperatures[100, 165].
The possibility to control valley-spin polarization in solids has implications both for fundamental studies, and electronic and optoelectronic applications based on these degrees of
freedom.
As perfect oriented, highly anisotropic materials with measurable PL, monolayer TMDs
become an ideal system for investigating exciton orientations. Fig. 2.5 (b) show the experimental momentum-resolved polarized PL intensity of MoS2 at the main peak of ∼
660nm[129]. The nearly vanishing emission at kk = k0 and maximum emission at kk = 0 for
p-polarized light, and dominating emission at kk = k0 for s-polarized light, are only exclusively observed in single layer of MoS2 . This emission pattern can be fully explained by a
horizontal dipole with antenna-like emission[129]. This indicates that all the excitons can
be regarded as horizontally aligned transition dipoles.

2.4

Semiconductor Microcavities

Fermi’s golden rule states that the transition rate is proportional to the density of photon
states at the spatial position of the exciton as [123]:

W =

2π X
|hf |HI |ii|2 δ(Ef − Ei + ~ω)
~2 f,i

(2.21)

where, i, f are transition initial and final states with energies Ei , Ef , respectively, HI is the
electric dipole interaction Hamiltonian −er · E. The interaction of excitons with light then
measures the electron and hole wave function overlap. A useful quantity to characterize the
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strength of an optical transition is the oscillator strength f0 , defined as
f0 =

2me ω
|hf |E · r|ii|2
~

(2.22)

where me is the free electron mass and ω is the frequency. To modify these quantities,
confinements could be applied to the electron and hole wave functions such as quantum
wells and quantum dots, as well as to the electromagnetic field, i. e., the optical cavities.
If the interaction between the exciton and cavity photon is irreversible in an optical
cavity, i. e., the energy can only transfer from the exciton to the cavity photon or the
other way around, the system is considered to be in the weak coupling regime. In the
weak coupling regime, the PL intensities, emission orientations and radiative lifetimes of
excitons are modified due to Purcell effect[115]. In contrast, if the interaction can oscillate
between the exciton and cavity photon states, where the interaction rate is faster than
the average decay rates of exciton and cavity photon, the system reaches strong coupling
regime[38, 63, 125, 142, 150]. The new eigenstates of the system are referred to cavity
polaritons, whose dispersion curve consists of anti-crossing branches separated by the Rabi
splitting (~ΩRabi )[38, 63, 125, 142]. And the Rabi frequency ΩRabi represents the interaction
oscillation frequency between the exciton and cavity photon.

2.4.1

Planar Microcavity Structure

Cavity polairtons have been observed in a variety of cavity structures [142], including planar microcavities[54, 60, 75, 94, 95, 150], microdisks[96, 112], microspheres[110],
nanowires[138, 143], and in two-dimensional photonic crystals[121, 161]. The typical and
simplest structure of the cavity is Fabry-Perot resonator, i. e. planar microcavity in our
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case. The planar microcavity consists of two highly reflective plane mirrors, separated by
a distance that yields a cavity resonance[38, 63, 125, 142, 150]. The mirror may consist of
metallic film or dielectric stacks tailored to form a distributed Bragg reflector (DBR).
The DBR structure is generally composed of multiple pairs of bilayers of differing refractive index. To ensure high reflectivity in the DBR stopband, the layer thickness must be
λ0 /(4n), where λ0 is the center wavelength of the stopband in air and n is the layer refractive
index. The quarter wavelength condition ensures that successive reflections between layers
add constructively to yield a high reflectivity stopband. Schematic of a DBR structure is
shown in Fig. 2.6 (a) and the reflectivity spectrum is shown in Fig. 2.6 (b) for pairs of SiO2
and Si3 N4 with refractive indices of 1.45 and 1.77, respectively.
For a large number of layers N in the DBRs, a very useful approximate expression for
reflection coefficient r(ω) can be parameterizing as r(ω) =

√

R exp(iφr ), close to the center

of the stop band ωc ≡ 2πc/(n0 λ0 )[125]. R = 1 − 4(next /n0 )(n1 /n2 )2N where next is the
index of medium outside the DBR, n0 is the refractive index at center wavelength λ0 for the
dielectric layer adjacent to the DBR, n1 < n2 are the refractive indices of alternative layers
in each pair. As a result, the phase is expressed as φr = (n0 LDBR /c)(ω − ω0 ), where LDBR
represents penetration depth of the field, and is given by [125]

LDBR =

λ0
n1 n2
2 n0 (n2 − n1 )

(2.23)

A defect introduced in the DBR layers produces a transmission window in the stopband,
like how defects in semiconductors introduces a defects state in the electronic bandgap. By
changing the thickness of one of the quarter-wavelength to half-wavelength, there is now a
defect, or the ”cavity” layer, resulting in a microcavity structure. A schematic of a complete
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Figure 2.6: (a), (c) Schematics of a 12.5-period of DBR structure (a) and a microcavity
structure with 12.5-period bottom DBR, 7.5-period top DBR with a SiO2 cavity layer (c).
The DBRs consists multiple periods of alternative SiO2 and Si3 N4 layers with quarter wavelength thicknesses for a center wavelength at 390 nm (3.18 eV), the cavity thickness is half
wavelength at (c). (b), (d) The experimental and simulated reflectivity spectra of the 12.5period DBR (b) and the microcavity (d) at normal incidence angle. Here the refractive
indices of SiO2 and Si3 N4 are 1.45 and 1.77, respectively.
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microcavity structure is shown in Fig. 2.6 (c) and its reflection spectrum is shown in Fig.
2.6 (d). With a cavity length LC , the cavity resonant modes are the solutions to[125]
2
rDBR
(E) exp(i2kz LC ) = 1

(2.24)

where kz = ncav ω/c at normal incidence. Using equation (2.23), the equation can be solved
as[125]
2ncav
(LC ωm + LDBR (ωm − ω0 )) = 2πm + i ln(R)
c

(2.25)

where m is an integer, representing the mth mode. The mode frequency is then [132]
ωm =

LC ωC + LDBR ωS
Lef f

(2.26)

with ωC = mπc/(ncav LC ) and Lef f = LC + LDBR . The cavity mode halfwidth is
γm =

(1 − R)~c
2ncav Lef f

(2.27)

In a perfectly reflecting planar microcavity, strong photon confinement forces the axial
wavevector to be kz = π/LC , such that the dispersion of the cavity mode energy, EC (k) is
[132]
~c
EC (k) =
ncav

s

π
( )2 + kk2
LC


(2.28)

where kk is the in-plane component of the photon wavevector. Using kk = Ec (k) sin(θ)/~c,
the equation (2.28) can be expressed in terms of the photon angle of incidence as [132]:
E0
EC (θ) = r
2 (θ)
1 − sin
2
n

(2.29)

ef f

where E0 is the cut-off energy, θ is the photon angle of incidence, and nef f is the effective
refractive index of the cavity layer. This allows the dispersion of the cavity to be experimentally measured by angle-resolved spectroscopy.
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2.4.2

Strong Exciton-Photon Coupling: Quantum Model

If the excitons with wave-vector |k|, are coupled to cavity photons having about the same
energy in a planar microcavity, the momentum conservation rule allows coupling of excitons
to only one radiation mode having the same wavevector k = k 0 . Once strongly coupled in
the system, the energy can oscillate back and forth between the exciton and cavity photon
states to produce microcavity called polaritons.
The quantum mechanical model treats both the exciton and the photon as quantum
mechanical oscillators and is applied at each in plane wavevector kk independently. In this
model, no account is taken for exciton disorder and only exciton and photon states with the
same in-plane momentum are coupled. The total Hamiltonian of the system is similar to
that in the strong Wannier-Mott-Frenkel excitonic coupling in equation (2.13) [125, 132]:
Ĥ = Ĥcav + Ĥex + Ĥint = ~ωcav,k a†k ak + ~ωex,k b†k bk + ~Ω0 (a†k bk + ak b†k )

(2.30)

where b†k , a†k are exction and photon operators with momentum k, Ĥint term is the dipole
interaction between exciton and the radiation field and Ω0 is the interaction frequency. This
coupling depends on the oscillator strength of the exciton transition and quality factor of
the microcavity. The above Hamiltonian can be easily diagonalized by the following unitary
transformation[125, 132]:
 



 

 pk   Xk C k   b k 
 =
 
  
 
uk
−Ck Xk
ak

(2.31)

where uk and pk are the upper and lower polariton annihilation operators, Xk and Ck
are the Hopfield coefficients to represent the contributions from excitonic and photonic
contributions[62], respectively, satisfying the |Xk |2 + |Ck |2 = 1. The resulting Hamiltonian
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is the new basis becomes[125, 132]
Ĥpol = ELP p†k pk + EU P u†k uk

(2.32)

The solution of this Hamiltonian at each wavevector k using exciton and cavity mode
energies including the linewidth Eex,k + iγex,k , Ecav,k + iγcav,k yields [125, 132]
Eex,k + iγex,k − λk

Ω0
=0

Ω0

(2.33)

Ecav,k + iγcav,k − λk

with energy eigenvalues:
EUk P,LP

γcav,k + γex,k
Ecav,k + Eex,k
+i
±
=
2
2

r

1
Ω20 + [(Ecav,k − Eex,k ) + i(γcav,k − γex,k )]2
4
(2.34)

When the square root is real (imaginary), the resonant eigenmodes of the coupled system
are split (degenerate), corresponding to strong (weak) exciton-photon coupling regime [125,
132]. This results in the important difference betweent both regimes. In the weak-coupling
regime the eigenstates are a perturbation of the uncoupled system, whereas in the strong
coupling regime, coherent Rabi oscillations between the exciton and the photon states can
occur. Thus the strong coupling regime requires:
2|Ω0 |  |γex − γcav |

(2.35)

The new modes of the system are described by the real parts of the energy eigenvalue
and can be expressed naturally as a function of detuning between exciton and cavity modes
∆ = Ecav,k − Eex,k and are given by
EUk P,LP

Ecav,k + Eex,k
=
±
2

r

1
Ω20 + ∆2
4

(2.36)
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where the imaginary part is responsible for the half-linewidths of cavity photons and excitons.
At resonance (Ecav = Eex ), the strongly coupled eigenstates of equation (2.36) are separated
in energy by the Rabi splitting, ΩRabi = 2Ω0 . And Xk and Ck can be given in terms of the
detuning ∆ and the interaction potential Ω0 [62]:
1
|Xk |2 =
2
1
|Ck |2 =
2

1+ p

∆

!
(2.37a)

∆2 + 4Ω20
∆

!

1− p
∆2 + 4Ω20

(2.37b)

At ∆ = 0, |Xk |2 = |Ck |2 = 21 , both branches of polariton states are exactly half-photon
half-exciton like.

2.4.3

Stimulated Scattering in Polaritonic Systems

One distinct feature of a system of identical bosonic particles is the final-state stimulation:
the presence of N particles in a final state enhances the scattering rate into that final state
by a factor of 1 + N . Final state stimulation is the driving mechanism behind photon lasers
and amplifier and is expected to be crucial to the formation of Bose-Einstein Condensation
(BEC)[69]. In comparison to an uncoupled exciton, a microcavity polariton has an effective
mass of four orders of magnitude lighter, and thus a low density of states (DOS) at kk = 0.
Due to low DOS, a quantum degenerate seed of low-energy polaritons is relatively easy
to achieve. Along with their bosonic character, polaritons allows for the observation of
stimulated scattering and the macroscopic condensation of polaritons[35–38, 50, 73, 79, 90,
149].
If the number of polaritons N in the ground state (which is the lowest polariton state at
k = 0) is much larger than 1, stimulated relaxation processes dominate over the spontaneous
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ones by a factor of 1 + N . The main interactions which drive the relaxation and eventually the condensation stem from the exciton-phonon interactions, mainly contributing to the
polariton-phonon interaction, and the Coulomb interaction between excitons as polaritonpolariton interaction. In the polariton-polariton interaction, the exchange Coulomb interactions dominate over the direct Coulomb interactions between two excitons and give rise to a
repulsive interaction between two polaritons with an identical spin. The interaction provides
the fastest scattering mechanism which thermalizes the polariton gas, but the temperature
of the gas can only be lowered by coupling to the cold acoustic phonon reservoir[38].

Figure 2.7: The operational principles of (a) polariton BEC and (b) photon laser. The finalstate for polaritons in (a) is the lowest polariton state at k = 0. The final state stimulation
depends on the number of polaritons N at this state. The stimulated emission in (b) asks
for the population inversion between the excited and ground states. Adapted from Ref. [38].

The stimulated scattering in polaritons directly leads to the nonlinear luminescence,
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resulting a new system of polariton laser with coherent photon emission[18, 19, 30, 33, 34,
37, 38, 76, 90, 128, 138, 166]. The fundamental difference between a photon laser and
a polariton laser is that, in the lattter system, there is no population inversion between
excited and ground states. A photon laser results from stimulated emission of photon into
cavity modes with occupation number larger than 1. The quantum degeneracy threshold
of polaritons is triggered by the same principle of bosonic final-state stimulation, but with
stimulated ”scattering” of massive polaritons from non-lasing states at kk > 0 into the lasing
state at kk = 0. The nonlinear increase of the photon flux is an outcome of the leakage of
the LPs via cavity mirrors. Hence the observed threshold of the polariton system requires
no electronic population inversion, and the threshold is generally orders of magnitude lower
than that of photon laser[38]. The difference in the operational principles of polariton laser
and photon laser is shown schematically in Fig. 2.7.
Due to the polariton-phonon coupling, the polariton lasing can be non-resonantly excited
outside the DBR stopband, as shown in Fig. 2.8 (a). This creates energetic excitons which
relax by longitudinal optical phonon (LO) emission (<1 ps). As a result of reduced DOS
when kk gets close to zero, cooling of polaritons by acoustic phonon emission is slowed down
around some intermediate wavevector kbot . Once in the low wavevector states, relaxation by
photon emission becomes increasing likely as the photon character of the branch increases.
The competition between photon emission at kk = 0 and acoustic phonon emission results
in an accumulation of incoherent exciton population at kbot - the so-called energy relaxation
”bottleneck”[141]. Under higher power excitation, the bottleneck effect starts to vanish and
the polariton-polairton scattering becomes dominant, causing the polariton lasing. However,
it is worth noting that the bottleneck effect has been noticed experimentally in different
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Figure 2.8: (a) A schematic of polariton-phonon relaxation and polariton-polariton scattering
where non-resonant excitation is creating an exciton reservior. Relaxation is dominated by
acoustic phonon emission, and bottleneck effect might happen at kk = kbot . (b) A schematic
of polariton-polariton scattering where resonant excitation is incident on the sample with
kk = kp , creating two polaritons in the lower polariton branch (LPB) which scatter to kk = 0
and kk = 2kp .
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inorganic microcavity systems[27, 67, 140], turning out detrimental to the population of the
kk = 0 state under non-resonant excitation.
Another more efficient way of polariton lasing results from resonant excitations as shown
in Fig. 2.8 (b). When microcavities are resonantly excited, the energy and angle of incidence
of the pump beam is selected to specifically excite a particular polariton mode. The system
can be excited to promote the population and final state stimulation of the zero wavevector
state. This is accompanied by selecting the pump energy (Epump ) and in-plane wavevector
(kpump ) scatter with one polariton ending up in the zero wavevector (kk = 0) state. The
accumulation of polaritons in the zero wavevector state by stimulated scattering can lead
to the observation of large single-pass optical gains, under both continuous wave (CW) and
ultrafast excitation[36, 38, 66, 126, 127]. Under ultrafast excitation, a weak probe beam
in injected resonantly into the zero wavevector state to create a population of kk = 0 and
induce stimulated scattering from the pump[38, 66, 127].

2.5

Surface Plasmon at Metal-Dielectric Interface

The plasmon comes from the collective oscillations of free electrons when the metal is
responding to an incoming electromagnetic wave. By describing the electron oscillations
via Drude Model, dielectric functions of metals can be derived. And the plasmons at the
surface of the metal oscillate at different resonant frequencies than those in the bulk due to
different interface boundary conditions. However, when the incoming electromagnetic wave
has higher frequency, some of the electrons are bound because they are promoted from lowlying bands into conduction band, there is discrepancy of the Drude Model for the visible
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optical frequency[118]. Hence the Lorentz-Drude model was also developed to account for
bound electrons.

2.5.1

Drude Model and Lorentz-Drude Model

In the Drude model, a metal is considered to be composed of a gas of free electrons that
moves against a fixed background of positive ion cores [118]. The collective electron gas
undergoes oscillations in response to an incident electromagnetic wave, and their motion is
damped with a damping constant Γ = 1/τ . Equation of motion for an electron of the plasma
gas subjected to an external electric field E can be written as:
mẍ + mΓẋ = −eE

(2.38)

Assuming a time dependent electric field given by E(t) = E0 exp(−iωt), the solution to
equation(2.38) may be written as x(t) = x0 exp(−iωt), where x0 takes into account any
phase shift between the driving field and the displacement of the electron through
x(t) =

m(ω 2

e
E(t)
+ iΓω)

(2.39)

The macroscopic polarization P = −nex can now be written as
P=

−ne2
E
m(ω 2 + iΓω)

(2.40)

The dielectric displacement then becomes:

D = 0 E + P = 0 1 −
where ωp2 =

ne2
m

ω02
ω 2 + iΓω


E

(2.41)

is the plasma frequency of the free electron gas. Since D = 0 E, the

dielectric function of the free electron gas can be written as:
(ω) = 1 −

ωp2
ω 2 + iΓω

(2.42)
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The real and imaginary parts of (ω) = 0 (ω) + i00 (ω) are:
ωp2 τ 2
 (ω) = 1 −
1 + ω2τ 2

(2.43)

ωp2 τ
ω(1 + ω 2 τ 2 )

(2.44)

0

00 (ω) =

where τ = 1/Γ. For ω < ωp , 1 (ω) < 0, and metals retain their metallic character. For
frequencies greater than ωp , the product ωτ >> 1, the damping is negligible and the dielectric
constant becomes purely real: (ω) = 1 −

ωp2
.
ω2

In the Lorentz-Drude model, similar differential equation is applied to model the bound
electrons:
me ẍ + me γ ẋ + αx = −eE

(2.45)

where me is the effective mass of the bound electron, γ is the damping constant that describes
the rate of damping of bound electrons and α is the spring constant that keeps the electron
bound to the atom. Using the same ansatz as before, the contribution of bound electrons to
the dielectric function can be written as:
bound (ω) = 1 +
where ω˜p =

ω˜p2
ω02 − ω 2 − iγω

(2.46)

p
p
nb e2 /me 0 , nb being the density of bound electrons. ω0 = α/me is the

resonance frequency of the oscillator.
For systems with multiple oscillators, the Lorentz model is a superposition of more than
one of the above resonances. The dielectric constant of the metal in such a case can be
written in combination with eqaution (2.42) [118]:
(ω) = 1 −

m
2
X
fj ˜ωpj
ωp2
+
ω 2 + iΓω j=1 ωj2 − ω 2 − iγj ω

where fj is the oscillator strength of the j th oscillator.

(2.47)
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2.5.2

Surface Plasmon Polaritons and Strong Surface PlasmonExciton Coupling

Surface plasmon polaritons (SPPs) are electromagnetic waves that propagate at the interface of a metal and a dielectric. They evanescently decay along the direction normal to the
interface, as shown in Fig. 2.9 (a). SPPs occur as a result of the coupling of electromagnetic
waves to the oscillations of electron plasma in the metal [118]. To examine the properties of
SPPs, we consider a smooth planar interface between a metal and a dielectric as shown in
Fig. 2.9 (a). For electromagnetic waves propagating along the x-axis, the electric field can
be written as E(r) = E(z)eikx x . Now the wave-equation becomes:
∂ 2 E(z)
+ (k02  − β 2 )E = 0
∂z 2

(2.48)

The boundary conditions on the continuity of field components at the interface require that
SPPs only exist for TM polarization and yield the dispersion relations of SPPs as [118]
ω
β = kx =
c

r

1 2
= k0
1 + 2

r

1 2
1 + 2

(2.49)

The SPPs cannot be excited directly by light beams since the SPP dispersion curve, as
shown in Fig. 2.9(c), lies outside the light cone of the dielectric with β > k, where k is the
wavevector of light on the dielectric side of the interface. Therefore, the projection along the
interface of the momentum kx = k sin θ of photons impinging under an angle θ to the surface
normal is always smaller than SPP propagation constant β, prohibiting phase-matching.
However, phase-matching to SPPs can be achieved in a three-layer system consisting of
a thin metal film sandwiched between two insulators of different dielectric constant. The
most typical configuration for this way is the Kretschman and Otto geometries as depicted
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Figure 2.9: (a) Surface plasmon polariton (SPP) at a dielectric-metal interface. (b) Prism
coupling of SPPs using attenuated total internal reflection in the Kretschmann (left) and
Otto (right) geometries. The lines represent possible light paths for excitation.(c) Schematic
of SPP dispersion within an attenuated total internal reflection geometry. The light line
in black is in the air, The light line in red is in the prism glass with an index of n. ωe is
excitation frequency in this attenuated total internal reflection geometry. The SPP can only
be coupled out from a material where the SPP dispersion is in its light cone.
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in Fig. 2.9 (b)[118]. In this case, SPPs with propagation constants β between light lines of
air and the higher-index dielectric (from the prism) can be excited, as shown in Fig. 2.9 (c).
The SPP can also be excited at the metal with patterned gratings, which compensates the
mismatch between the in-plane momentum kx [118, 148].
If the dielectric in contact to the metal is a semiconductor and the semiconductor exciton
is in resonance with SPP modes, there will be coupling between excitons and SPPs. Similar
to the couplings between microcavity photons and excitons, in the weak coupling regime,
the exciton dynamics and optical properties would be modified by the SPP and there is
one-way energy transfer between the exciton and SPP[10, 68, 153]. If the interaction rate
is faster than the average decay rates of exciton and SPP, the strong coupling regime can
be reached in the system. In analogy to the microcavity polaritons, the strong coupling
regime is characterized by new eigenstates, the polariton states, which also feature anticrossed branches in the dispersion[17, 55, 56, 58, 137, 144]. Using the similar quantum
model discussed in Section 2.4.2, if we also consider the SPP as a harmonic oscillator, the
polariton states can be written as[17, 55, 144]:
EUk P,LP

γsp,k + γex,k
Esp,k + Eex,k
+i
±
=
2
2

r

1
Ω20 + [(Esp,k − Eex,k ) + i(γsp,k − γex,k )]2 (2.50)
4

where Esp,k , Eex,k and EUk P,LP are SPP energy, exciton energy and formed polariton energy,
repectively; γsp,k and γex,k are the linewidths of SPP and the exciton, repectively; the Rabi
splitting is also ~ΩRabi = 2Ω0 .
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Chapter 3

Experimental Techniques
In this chapter, the experimental techniques involved in fabrications and characterizations are discussed. Other than most of the experiments in our lab, some experiments were
also carried out in our collaborator’s lab. Specifically, fabrication of e-beam evaporation and
characterization of ellipsometry were carried out in our collaborator’s lab - Prof. Stephen R.
Forrest’s lab (University of Michigan, Ann Arbor) and in the Center for Functional Nanomaterials, Brookhaven National Laboratory (CFN-BNL). The time-resolved photoluminescence
via optical Kerr-gating and Z-scan nonlinear measurements were all carried out in CFN-BNL.

3.1
3.1.1

Fabrication
Plasma-Enhanced Chemical Vapor Deposition (PECVD)

Plasma-enhanced chemical vapor deposition (PECVD) is a commonly used technique for
depositing high quality compound dielectric thin films. Gases flow into the system where
they are mixed and enters the process chamber. The pressure in the chamber is controlled
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by a vacuum pump which serves as an exhaust outlet for the processed gas. Plasma is
generated by a radio frequency (RF)-signal applied between the top and bottom plates of
the chamber. The ions from the plasma aid the chemical reactions and then deposit the
dielectric materials on the surface of the substrate. By controlling the pressure and the flow

Reactive
Gases

Water cooling loop
Plasma

Top plate
Sample
Electric Heater
Bottom plate

Water cooling loop

Vacuum
pmp

Figure 3.1: Schematic of PECVD system. Reactive gases flow and mix in the chamber
through the top plate. The chamber is water-cooled and kept in vacuum (pressure P < 10−6
bar) at work condition. A high radio frequency voltage between the top and bottom plates
to create the plasma inside the chamber. Substrate placed on the bottom plate heated
by an electric heater. By controlling flow rates of reactive gases, the substrate temperature,
chamber pressure and plasma, high quality dielectric thin films can be grown on the substrate.

rates of the processing gases, thin films can be grown at specific rates. The physical property
of the film is determined by the composition of the gases, and the quality can be controlled
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by the growth temperature, RF power, chamber pressure and the flow rates of gases. A
schematic of the PECVD system in our lab is shown in Fig. 3.1. Specifically for the sample
preparation, dielectric thin layers of SiO2 and Si3 N4 are grown in this PECVD.

3.1.2

Spin-coating

Spin-coating is a widely used procedure to deposit uniform thin films on flat substrates
from solutions such as polymers, organic dyes, colloidal quantum dots and nanoparticles. In
this procedure, a small amount of coating materials is first applied to the substrate which
is mounted on a vacuum chuck, then the vacuum chuck along with the substrate is rotated
at high speed to uniformly distribute the coating materials by centrifugal force. The solvent
for the solution is generally volatile and simultaneously evaporates. As a result, the higher
the speed, the thinner the film. To better control the thicknesses, multiple spinning steps
could also be designed and optimized. Finally, in most of the cases, there is also a baking
process with a hot plate or oven after the spinning process, so that the residual or excess
solvents can be evaporated away.
The uniformity and thicknesses of the spincoated samples highly depend on the viscosity
of the solvents, the acceleration of the spin cycle and spin speed, duration of spinning, and
the concentration of the solutions. When it gets to very thin layer, the worse the uniformity
at same parameters. Hence these parameters need to be optimized so that a good balance
can be realized between the thickness and uniformity.
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3.1.3

Thermal Evaporation and Electron-Beam (E-Beam) Evaporation

(a)

(b)

Rotating
Substrate
holder
Sample

Physical vapor
Heating
coils

Sample

Crystal
monitor
Shutter
Source
materials

Vacuum
Pump

Physical vapor

Electron
beam
Electron
souce

Water cooled
crubile

Vacuum
Pump

Figure 3.2: Schematics of (a) thermal evaporation system and (b) electron-beam (e-beam)
evaporation system. Both systems work in high vacuum chamber and condense the vapors
into thin solid films. A quartz crystal based detector is mounted in the chamber to monitor
the film thickness. The substrate holder is rotated during the growth to have uniform
thickness around the sample, the growth can be stopped using the shutter which is in the
way of evaporation. As in (a), the thermal evaporator uses the heating coil to evaporate the
sources. In (b), the e-beam evaporator uses the e-beam to evaporate the sources.

Evaporation is a very common technique using a physical vapor deposition process for
high quality thin films of metals and dielectric materials. The source materials have to be
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evaporated in high vacuum conditions so that the vapor particles can be ejected directly
to the target samples without too many collisions before they condense back to solids. So
it involves two process: the evaporating of the source materials and the condensation on
the target samples. Two of the most popular evaporation systems are thermal evaporator
and electron-beam (e-beam) evaporator. The schematics of both evaporators are shown in
Fig. 3.2. Both systems are quite similar except for the evaporation energy source. In the
thermal evaporator, the source materials are heated by electric coils. However, in the ebeam evaporator, the sources are vaporized by high energy electron beams ejected from the
electron gun.
The thickness of the deposited thin film is measured in real time using a quartz crystal
based thickness monitor. In order to get a uniform thickness across the sample, the substrate
holder is also rotated during the growth. In addition, the quality of the films depends on the
chamber vacuum and the growth rates. Compared with the thermal evaporator, the e-beam
evaporator is not only able to evaporate highly-refractory materials, but also results in a
much higher evaporation speed, i. e., a larger range of growth rate. Specifically, the organic
thin layers in this thesis are grown via thermal evaporation; the metal and some SiO2 layers
are grown via e-beam evaporation.

3.2

Thin Film Characterization

By using the fabrication methods as introduced in the previous section, we could make
metal and dielectric thin films with thicknesses down to less than 10 nm. To characterize
the thicknesses and optical constants becomes an essential part in realizing expected nano-
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and micro- photonic-structures. For some ordinary dielectrics and metals whose optical
constants are well-known, normal incidence reflectivity spectroscopy is the easiest way to
determine the thicknesses of single thin-film sample. For samples with multiple thin film
layers, normal incidence reflectivity can still be used to examine the layered nano-structures
by using transfer matrix method (TMM). Another most common technique to characterize
the thin films is ellipsometry, which could determine the optical constants and thickness
with specific theoretical model fitting. In addition, the most convenient way to directly look
at the surface profiles and thicknesses of thin films are scanning electron microscopy (SEM)
and atomic force microscopy (AFM).

3.2.1

Normal Incidence Reflectivity for Single-Layered Structure

The normal incidence reflectivity spectroscopy is a widely used non-destructive method
to measure the thickness of single-layered thin films. The method involves illuminating a
sample with white light source, collecting the reflectivity spectrum and analysis the thin
film thickness with single-layer reflectivity spectrum. Fig. 3.3 (a) shows the schematic of
the method.
In the single layered thin film, the modeling of reflectivity involves three media: the thin
film layer (refractive index n0 , with a thickness of l0 ), the substrate that the thin film layer
is sitting on (index nsub ), and the surrounding medium that the thin film is exposing to (i.
e., the air, index nair = 1). At the interface of two media, the reflection and transmission
coefficients at normal incidence can be expressed in terms of the refractive indices based on
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Fresnel equations [21, 71]:
n1 − n2
n1 + n2
2n1
=
n1 + n2

r12 =

(3.1a)

t12

(3.1b)

where 1, 2 denote the two media. Hence rair,0 =

n0 −nair
n0 +nair

and rsub,0 =

n0 −nsub
.
n0 +nsub

Taking into

account all the possible multiple reflections between the two interfaces, one can get the total
reflectivity at normal angle incidence based on the infinite sum of all the reflected waves
as[21, 71]:
R = |rtot |2 = |

rair,0 + rsub,0 exp(2ikl) 2
|
1 − rair,0 rsub,0 exp(2ikl)

(a)
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Figure 3.3: (a) Schematic of normal incidence reflectivity measurement setup (b) An example of normal incidence reflectivity measurement for a SiO2 thin film, whose thickness is
determined to be 275 nm
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Here, the reflectivity depends on the refractive index and the thickness of the thin film.
If the refractive index is well known for the system, for any measured reflectivity spectrum
the thickness can be determined from this straightforward equation. Fig. 3.3 (b) is an
example how the thickness of a SiO2 film is determined from the measured normal incidence
reflectivity spectrum.

3.2.2

Multiple-Layered Structures and Transfer Matrix Method
(TMM)
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Figure 3.4: (a) Transfer matrix box for single layer. Boundary conditions for interfaces
between media as well as the propagation length within medium 2 can determine the unit
transfer matrix. (b) Total transfer matrix for multiple-layered structure is a product of each
unit transfer matrix.

In this thesis, most of the structures involve multiple-layered structures, and hence precise
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designs and controls of the structures are required. Transfer matrix method (TMM) is
introduced for modeling complicated multi-layered structure while the overall linear optical
properties are determined through the angle-dependent spectroscopy and k-space dispersions.
TMM is a theoretical model using the product of a series of matrices which could ’transfer’
the electromagnetic field from one interface to another within specific propagation length
and boundary conditions[21, 160].
If we start from one single layer, represented as a box (medium 2) with an optical length
of l and refractive index of n2 , there are in-coming and out-coming electric waves at both
sides (medium 1 and medium 3) with amplitudes denoted as E0+ , E0− , E1+ and E1− , as shown
in Fig. 3.4 (a). These electric wave amplitudes can be related in terms of two kinds of
matrices. One is the dynamical matrices D at each interface that can be written as[21, 160]:
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0+
E0  E0 




D0   = 

E0−
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+
E1  E1 




D1 
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(3.3)

The other one is the propagation matrix P which takes account the wave propagation in the
optical path inside the box medium, relating E00+ , E00− , E10+ and E10− as[21, 160]:
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As a result, E0+ , E0− , E1+ and E1− can be related by the total transfer matrix T as a
product of D and P [21, 160]:
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(3.5)

Based on the boundary conditions and Fresnel’s Equations, D at the interface of medium i
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and j can be expressed as[21, 160]:

Dij =



1
−rij 
1 



1 − rij 
−rij
1

(3.6)

where rij of arbitrary angle of incidence (θ) at TM(p) and TE(s) polarizations can be expressed as[21, 160]:
s
=
rij

ni cos θi − nj cos θj
ni cos θi + nj cos θj

p
rij
=

ni cos θj − nj cos θi
ni cos θj + nj cos θi

(3.7)

Plug equations (3.7) and (3.6) into equation (3.5), we can get a a 2×2 unity matrix as the
unit transfer matrix:
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1 
1

1 − r23 1 − r12 
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(3.8)
If the studied structures have multiple layers as shown in Fig. 3.4 (b), we can calculate
the transfer matrix for each layer unit Ti and then get the total transfer matrix as a product
of transfer matrices of each unit:
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(3.9)

Ttot is still a 2×2 unity matrix with elements in the form as:


T11 T12 

Ttot = 


T21 T22

(3.10)

where T11 T22 − T21 T12 = 1. Since the propagation matrices P are complex terms and the
refractive indices can be complex values (which include the optical absorption in the media
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themselfes), each element of Ttot is also complex. The reflectivity R, transmittance T and
absorption A can be then derived from the elements as[21, 160]:
R=|

E0− 2
T21 2
|
+| = |
T11
E0

(3.11a)

T =|

+
EN
1 2
2
|
+| = |
T11
E0

(3.11b)

A=1−T −R

3.2.3

(3.11c)

Ellipsometry

Ellipsometry is a highly sensitive optical technique used to measure physical parameters of
thin film samples such as optical constants, thickness, angle-dependent spectroscopy, doping
concentration, surface and interface roughness, optical anisotropy and so on. As shown in
the schematic Fig. 3.5, electromagnetic radiation is emitted by a light source and linearly
polarized by a polarizer, and then is incident onto the surface of sample. The reflection
(or transmission) light passes a second polarizer, called analyzer and falls into the detector.
For some ellipsometry, there might be compensators between the polarizer and the sample
surface to modulate the phase. The ellipsometry used in this thesis includes a compensator.
To make sure the measurements are as accurate as possible, the ellipsometry is taken at
multiple incidence angles.
Most of ellipsometry setups only work on the reflectance. Ellipsometry then directly
measures the change of complex reflectance ratio ρ between TM (p) and TE (s) polarizations,
which can be parameterized by Ψ and ∆ as

ρ=

rp
= tan(Ψ)ei∆
rs

(3.12)
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Figure 3.5: Schematic of ellipsometry setup.

With known optical constants and thicknesses of thin films, Ψ and ∆ can be calculated
from the Fresnel equations. However, to derive optical constants and thicknesses from Ψ and
∆ is an indirect way, and becomes the tricky part. Many models, such as Cauchy model,
Lorentzian oscillator model and Sellmeir models, are applied to fit these measured Ψ and ∆
for optical constants and thickness depending on specific thin-film samples. To achieve good
fitting results, reasonable initial values and relevant parameters should be carefully selected.

3.2.4

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)

Although ellipsometry can help determine the surface roughness based on the indirect
measurements of the reflectance contrast at different polarizations, direct microscopy at the
surface topography and composition would provide more accurate information and details
of the samples. The optical microscopy is limited by the Rayleigh scattering length of the
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detecting light wavelength, the sub-micron scale features are generally detected by more
advanced microscopy techniques, such as scanning electron microscopy (SEM) and atomic
force microscopy (AFM).
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Figure 3.6: (a) Schematic of SEM structure. (b) Schematic of AFM structure

SEM is a kind of electron microscope where the image is produced based on the scanning
the sample with a focused beam of electrons. It is also categorized as one of scanning
probe microscopes (SPM), and can generally resolve the sample feature down to ∼ 1 nm.
Nowadays most of SEM images by detecting the signals from the emitted secondary electrons.
Fig. 3.6 (a) shows the schematic of SEM internal structure, which consists of an electron
gun, a condenser lens and an objective lens to produce an electron probe, a scanning coil
to scan the electron probe, and the secondary electron detector system. The electron gun
produces an electron beam from a thermionic filament and ejects the electrons with high
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kinetic energy with high voltage (1-30 kV). Then the condenser lens and the objective lens
focus the electron beam into a very small size probe (0.4-5 nm), which will be deflected and
scanned over a specific range by the scanning coil. When the electrons hit the sample and
lose their energies, some of them will be back-scattered and some of them will be absorbed
into the sample. Meanwhile, they could also exchange their energies to the sample atoms
and result in secondary electrons emission via the inelastic interactions with the atom shell
electrons. These secondary electrons are collected and amplified by the secondary detector
system and finally converted to image information.
Although SEM can probe high-resolution information for the samples, there is one serious
issue - charging for non-conducting samples. If a sample is non-conductive, the absorbed
electrons will stay in the specimen and cannot flow away from the sample. If the irradiation of the electron beam is continued, a negative charge is accumulated and results in a
large negative potential, which distorts the secondary electrons emission and becomes very
detrimental to the imaging information. To avoid the charging issue for insulating samples, coating with a metallic thin film, low accelerating-voltage, tilted sample stage and low
vacuum could be tried out depending on specific samples.
Another very widely used kind of SPM is atomic force microscopy (AFM) measuring the
weak atomic force. Normally, the probe is a sharp tip, which is a 3-6 µm tall pyramid with
15-40 nm end radius, which is attached to a cantilever, as shown in the schematic of Fig.
3.6 (b). The cantilever is typically silicon or silicon nitride with a tip radius of curvature on
the order of nanometers. When the tip is brought into proximity of a sample surface, forces
between the tip and the sample lead to a deflection of the cantilever according to Hooke’s
law. In most of AFMs, the deflection is measured using a laser beam reflected from the top
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surface of the cantilever into a photo-detector which can map the variations of the reflected
beam. AFMs can generally measure the vertical and lateral deflections of the cantilever.
By modeling the atomic forces between the sample surface and the tip, the surface map of
the sample can be derived from the measured deflections. The lateral resolution (∼5 nm) of
AFM is generally much lower than the vertical resolution, which can even be as small as 0.1
nm.
Compared with SEM, AFM measures the mechanical force and so there is no charging
issue. It also can have much higher vertical resolution and easily create three-dimensional
(3D) map of the sample while SEM can only image a 2D map. However, there are also some
disadvantages of AFM: 1) there is often thermal drift due to much slower scanning rate;
2) there is also some risk that the probe tip might collide with the sample, which might
potentially destroy the sample; 3) there are some artifacts in the image for some specific
topography of the sample, such as steep walls or overhangs.

3.3

Steady-State Photoluminescence (PL), PL-Excitation
(PLE) and Linear Absorption

Photoluminescence (PL) is the most common way to investigate the exciton transitions
in semiconductor systems. The steady-state PL is measured by a combination of excitation
source and detecting system, as shown in Fig. 3.7 (a). The excitation source could be
either a monochromatic light from a white light source or from a laser. For the white light
source, the excitation source needs to get through a monochromator, whose core part is
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a sensitive dispersive grating (see Fig. 3.7 (a)). The emission from the sample is then
collected and sent into the entrance slit of a second monochromator which scans through
different wavelengths. The signal is finally detected by a photo-detector attached to the exit
slit of the monochromator, which in our case is a photo-multiplier tube (PMT).
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Figure 3.7: (a) Schematic of PL and PLE setup. For PL, the excitation source could be
either a white light source or a laser. For PLE, it could be only the white light source. (b)
Schematic of absorption setup, which works for the samples whose reflectivity and scattering
are negligible.

This PL system could also be used to do PL-excitation (PLE). In the PLE, the detector
monochromator will park the emission at the PL peak wavelength, and then scan the wave-
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length of excitation source. The PLE spectrum shows the variations of PL peak intensity
versus the excitation wavelength. This leads to a peak where the excitation has the highest
PL efficiency.
A similar setup to carrying out PLE is used for absorption measurements, as shown in
Fig. 3.7 (b). There is no monochromator for the white source any more, but only one for
the detection side which scans and measures the transmitted light through the sample. The
measurement is done in two different steps: 1) collect the reference spectrum (Iref ) with
either the bare substrate (or the cuvette) for solid samples (or solution samples); 2) collect
the sample transmission spectrum Is with corresponding substrate (or the cuvette). The
absorbance A can be then obtained as:

A = log10 (

Is
)
Iref

(3.13)

It should be noted that in the above expression, the reflectivity and scattering are not taking
into account assuming both effects are negligible for studied samples.

3.4

Angle-Dependent Spectroscopy

In the previous section, the PL setup has its limitation since it only can take measurements with fixed alignments, which prevent the study of spectroscopic features that show
angle-dependence. In this thesis, the angle-dependent spectroscopy is the crucial part for
the k-space study. In Fig 3.8 (a), the angle-resolved reflectivity setup consists of an optical
fiber coupled Tungsten Halogen white light source attached to one arm of a goniometer and
a fiber coupled spectrometer (a charge-coupled device (CCD) based spectrometer) attached
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(a)

(b)

(c)

Figure 3.8: (a) Schematic of angle-dependent reflection setup. (b) Schematic of angledependent PL setup, the laser is incident at a glancing angle. Note that the detector
represents the detector system including grating and photon detector. (c) Schematic of
low-temperature spectroscopy setup where both reflectivity and PL can be carried out simultaneously. The angular resolution in these setups can be down to 1◦
.
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to the other arm, which is a collection arm. Along these two arms, lenses are used to focus
the light first onto the sample and finally into the spectrometer.
Similar setup is used to build up the angle-dependent PL as shown in Fig. 3.8 (b). But
this setup only has a collection arm of the goniometer. A laser is incident on the sample
as a pump source at a glancing angle, the collection arm is used to detect the PL. Since
the PL signals are weaker than the reflection light in the reflectivity measurements and the
CCD-based spectrometer is not sensitive to detect weak signals, the fiber attached to the
collection arm is coupled to the spectrometer discussed in the previous PL setup section.
In semiconductor samples, angle-dependent spectroscopy at various temperatures is also
significant to understand the exciton-phonon interactions. In Fig. 3.8 (c), the sample and
the holder are then placed in a closed cycle liquid helium cooled cryostat and similar optics as
in Fig. 3.8 (a) and (b) are attached to the cryostat. This setup could take angle-dependent
spectroscopic measurements at temperature down to 10 K.

3.5

Time-Resolved Spectroscopy

Although steady-state PL, linear absorption and angle-dependent spectroscopy can provide sufficient information on the exciton state transitions, cavity photons and surface plasmon modes, they can hardly offer any insights into the dynamics in these systems. The
exciton lifetime, cavity photon leakage time and surface plasmon propagation time are crucial quantities to describe the quantum mechanical phenomena underlying these systems.
The time-resolved spectroscopy techniques, such as time-resolved (transient) PL (TRPL)
and transient absorption (pump-probe lifetime setup), are the key techniques to investigate
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these different phenomena. The two setups used for TRPL in this thesis are time-correlated
single-photon counting (TCSPC) and optical Kerr-gating (OKG).

3.5.1

Time-Correlated Single-Photon Counting (TCSPC)

Filter
Laser
source

Sample

Monochromator

PMT

CFD
Start

Stop
TAC
MCA

Figure 3.9: (a) A schematic overview of TCSPC measurement. PMT: Photomultiplier tube;
CFD: Constant fraction discriminator; TAC: Time-to-amplitude converter; MCA: Multichannel analyzer. The histogram is the output of TCSPC, which is the statistical probability
distributions of the photon detection.
.
A typical TCSPC system consists of a pulsed excitation source and a fast detector. The
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schematic of TCSPC system for our setup is shown in Fig. 3.9. The basic principle of
TCSPC is as follows[16]: a pulse first emitted from the laser source triggers the constantfraction discriminator (CFD) to record time zero (t = 0), which corresponds to the starting
point at time-to-amplitude converter (TAC). When the detector, which in our case is a
photomultiplier tube (PMT), observes the first photon after the pulse, it registers at CFD to
stop TAC. The time difference between the pulse and the first photon is then sent from TAC
to multichannel analyzer (MCA), registering one count at the corresponding channel. This
process is repeated many times and the counts are displayed in a histogram diagram. The
measurement stops when one specific channel, which has the highest probability to receive
the photons, reaches a preset number of counts. To make sure the histogram is statistically
valid for the measurements, the preset number is generally large, typically around 10,000
counts.
It is extremely important for TCSPC technique that the first detected photon should also
be the only one in the cycle of that pulse, making single-photon counting valid. Due to the
dead time of the detector after the first photon, the detector is blind to the following photons
for a period of time if there are more than one photon in the cycle[16]. This will lead to
over-representation of the first photon, which is called pile-up where the detector count rate
is not fast enough with the photon emission rate. To avoid this pile-up effect, the count rate
of the detector should be much slower than the pulse repetition rate. Generally, less than
5% for the ratio of count rate to repetition rate is good enough to keep the single-photon
counting status.
The time resolution of TCSPC measurements depends on the so-called instrumental
response function (IRF) time P (t), which is a convolution of total response time of the
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electronic devices in the setup and temporal width of the laser pulse. Generally the electronic
device response time is < 10 ps and our laser pulses are generally > 100 ps. So the IRF is
limited by the pulse temporal width. For a real measurements, the experimental decay will
be a convolution of IRF and emitter’s decay:
Z

t

P (τ )I(t − τ )dτ

F (t) =

(3.14)

0

where I(t) is the actual decay profile of the emitter, and needs deconvolution from this
function during the analysis. The most common models for I(t) are single-exponential and
double-exponential decays depending on the studied systems as:
single-exponential I(t) = A + Be−t/τ
double-exponential I(t) = A + B1 e−t/τ1 + B2 e−t/τ2

(3.15a)
(3.15b)

where τ , τ1 and τ2 are the typical lifetimes which might be fitted to the experimental measurements.

3.5.2

Optical Kerr-Gating (OKG)

OKG TRPL is a high-sensitive ultrafast spectroscopy technique based on the optical Kerr
effect to investigate transient PL. In this thesis, benzene is used as the Kerr medium leading
to the optimal balance between time-resolution and sensitivity of the optical shutter with
low losses. Using this medium together with high contrast broadband polarizers and chargecoupled device, detection of emission transients (bandwidth > 1.5 eV) in a time bin of ∼
500 fs is achieved[13]. This setup is designed for very fast decay emitters around ultraviolet
(UV) region, which in our case are zinc oxide (ZnO), 3,4,7,8-naphthalene tetracarboxylic
dianhydride (NTCDA) and microcavity systems embedded with these materials.
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Figure 3.10: (a) A schematic overview of the OKG setup. OPA: Optical parametric amplifier; GP: Gating pulse (800 nm); ND1,2: Neutral density filters; BBO: Barium beta-borate
doubling crystal; SP1: Short pass (300 nm); BP1: Band pass (285/14nm); L1-4: Lenses;
PM1-2: Off-axis parabolic mirrors. BP2: Bandpass (800/50nm); LP1: Long pass (325
nm); P3: Glan-Tayler polarizer; P1-2: UV-enhanced wire-grid polarizers; SP2: Short pass
(770 nm). CCD: Charged-coupled camera. (b) Detailed Schematics of polarized optics that
constitute the Kerr gate. Adapted from Ref [13].
.
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A schematic of OKG system is shown in Fig. 3.10 (a)[13]. Ultrafast laser pulses ∼ 100
fs at the wavelength of 800 nm is generated from a Ti:Sapphire based regeneration amplifier
system operating at 1 KHz repetition rate. This is then split into two beams: one passes
through the optical parametric amplifier (OPA) to create 100 fs in the deep UV for the sample
excitation source; the other through mirrors installed on a translation stage and getting to
the OKG medium as a reference beam. The deep UV pulses are then getting through lenses,
nonlinear crystals (BBO: Barium beta-borate doubling crystals), mirrors and filters to excite
the sample at 280 nm. The PL from the sample is then collected by off-axis parabolic mirrors
and reaches the Kerr medium. The reference beam is delayed by the translation stage at
specific time τ , traveling through mirrors and filters, and then arriving at the same point of
the Kerr medium as the PL beam.
The principle of OKG gate is shown in Fig. 3.10 (b). The gate consists of two linear
polarizers whose axises are perpendicular to each other. The Kerr medium is placed between
these two polarizers. When the Kerr medium is not illuminated by the reference beam, the
PL beam is linear polarized after the first polarizer but cannot travel through the second
polarizer due to exactly perpendicular polarizations. When the Kerr medium is illuminated
by the reference beam whose polarization is exactly 45◦ to both polarizer, the polarization
of PL beam after the first polarizer will be rotated to be along the polarization axis of the
second one due to the optical Kerr effect. Then the PL can be detected after the second
polarizer at a specific delay time τ of the reference beam. By adjusting the translation stage
for various delay times, a two-dimensional time-resolved spectral map can be measured.
More details of this setup can be obtained in Ref [13].
The time resolution is limited to Kerr medium response time and pulse temporal width.
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In our case, the Benzene has a response time of ∼ 500 fs, which mainly determines the
final resolution of this setup. In comparison with TCSPC, the OKG has a much higher
time resolution (∼ 500 fs). The measured two-dimensional time-resolved spectral map (one
dimension as the time axis, the other as wavelength axis) can not only provide information
of the spectra at a specific time point, but also show the lifetime decay at any wavelength of
the given spectral range. The lifetime at specific wavelength is modeled similarly to previous
discussions in equations (3.14) (3.15a) and (3.15b).

3.6

Z-Scan Nonlinear Measurements
M
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Figure 3.11: Schematic of the nonlinear experimental setup for Z-scan measurements. Here
M: mirror, L1: Focusing lens, L2: Collecting lens, BS1,2: 50% beam splitter, NDF1-3:
Neutral density filters, PD1-3: Photo diodes.

A useful experimental scheme for studying the nonlinear index of refraction is the Z-scan
technique, as shown in Fig. 3.11. The laser source is split into two beams: one, the reference
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beam is directly detected by the photo-diode after the beam splitter; the second one, the
excitation beam is focused onto the sample. The sample is moved along the propagation
direction (Z-axis) of the excitation beam in the vicinity of the focal point. The transmitted
light, normalized with respect to the reference beam, is then collected as a function of Z-scan
position. The measurement collecting the entire transmission is called open aperture Z-scan
while the one collecting partial aperture of the transmission is called closed aperture Z-scan.
In the open aperture Z-scan, where all the transmitted light is measured, the nonlinear
absorption (NLA) strength will be calculated as follows [83, 130]
T (Z) =
q0 = βILef f

∞
X

(−q0 )m
(1 + Z 2 /Z02 )m (m + 1)3/2
m=0
Lef f =

1 − e−αL
α

Z0 =

πw02
λ

(3.16a)
(3.16b)

where α, β are the linear and nonlinear absorption coefficients, respectively; I is the irradiance of the laser source, w0 is the waist radius of the focused laser beam, λ is the laser
pumping wavelength.
In the closed aperture Z-scan, where part of the transmitted light is detected, the nonlinear refraction (NLR) will combine with NLA resulting in a transmittance curve with a peak
and a valley. The empirically determined relation between the induced phase distortion,
∆Φ0 and transmittance change ∆Tpv for χ(3) in the absence of NLA is[83, 130]
∆Tpv = Tpeak − Tvalley ≈ 0.406(1 − S)0.27 |∆Φ0 |
∆Φ0 =

2π
n2 ILef f
λ

(3.17a)
(3.17b)

where S is the transmittance of the aperture in the absence of a sample, and n2 is the
nonlinear refractive index.
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Part I
Light-Matter Interactions in
Microcavity Systems
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Since the pioneering work of Weisbuch et al[150], the strong-coupling regime in semiconductor microcavities (MC) has been extensively investigated due to the rich underlying
physics and potential applications[38]. This regime is characterized by the formation of
half-matter half-light quasiparticles called MC polaritons and form an ideal testbed to study
solid-state cavity quantum electrodynamics (QED)[142].
The work presented in this part of the thesis mainly focuses on the various one-dimensional
microcavities embedded with different excitonic systems. This part is divided into three chapters. Chapter 4 investigates ZnO microcavities, which involve the Wannier-Mott excitonic
system. Chapter 5 then combines ZnO and 3,4,7,8-naphthalene tetracarboxylic dianhydride
(NTCDA) into a microcavity system to realize hybridization of Wannier-Mott and Frenkel
excitonic systems via polaritons. Finally, in Chapter 6 we discuss the realization of strong
light-matter coupling between a two-dimensional (2D) atomic crystal and a planar microcavity.
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Chapter 4

Strong Light-Matter Coupling in ZnO
Nanoparticles-based Microcavity
The formation of microcavity polaritons is observed in a dielectric microcavity embedded
with solution processed ZnO nanoparticles. Evidence of strong coupling between the excitons
and cavity photons is demonstrated via anticrossing in the dispersion of the polariton states.
At low temperatures (<150K), multiple polariton states arising due to coupling between
different excitonic states and the cavity mode is observed. Rabi splitting of ∼ 90 meV is
shown to persist even at room temperature in the ZnO dielectric microcavity. In addition,
nonlinear PL from the polariton is also observed due to the stimulated polariton-polariton
scattering.
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4.1

Introduction

Most of the observation of MC polaritons and associated novel effects such as Bose
Einstein like condensation, polariton lasing, parametric oscillations, and superfluidity have
been reported at cryogenic temperatures due to the small exciton binding energies of the
material systems (<10 meV). Hence, there has been interest in exploring MC polaritons in
systems with large exciton biding energy such as organic materials[76] and wide bandgap
inorganic semiconductors such as GaN and ZnO for room temperature (RT) operation[30, 33,
43, 164]. ZnO, a wide band gap (3.378 eV) inorganic semiconductor, whose exciton binding
energy (∼60 meV in the bulk layer) is even larger than that of nitride-based materials[107]
has been touted to be an excellent candidate for studying room temperature polaritonic
phenomena[43, 164]. Strong coupling at room temperature has been observed from bulk
ZnO based microcavities and more recently, polariton lasing has also been reported using
bulk and nanowire systems [32, 90, 98, 106].
These results clearly show the advantages of the ZnO material system for realizing room
temperature solid state cavity QED effects and associated devices. Currently, the growth of
crystalline ZnO materials is usually carried out using molecular beam epitaxy, metal organic
chemical vapor deposition or pulsed laser deposition. An alternate low cost approach is
solution processing using ZnO nanoparticles which has the following advantages: allows large
area device fabrication, mechanical flexibility and most importantly ease of fabrication.
In this chapter, we demonstrate the formation of MC polaritons in a dielectric microcavity embedded with colloidal ZnO nanoparticles and observe stimulated emission from
the MC polaritons. Results of angle resolved reflectivity show the anticrossing behavior
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of the polariton branches. At low temperatures, multiple polariton branches are observed
due to the strong coupling between the different excitonic types present in ZnO and MC
mode. The energy shift in exciton features with temperature results in the corresponding
changes in polariton dispersions. However, the strong coupling can still be observed at room
temperature (RT) between the lowest excitonic state and the cavity photon mode. At RT,
power-dependent and time-resolved PL also show the stimulated emission from the polaritons

4.2

Sample Preparation

ZnO nanoparticles dispersed in ethanol with an average size of 35 nm and 40% weight
concentration ( 10% volume concentration) was obtained from Sigma Aldrich. The dispersion
was diluted to 0.7% volume concentration, and spin-coated at a spin speed of 10,000 rpm
for 3 minutes, and then baked at 350◦ C for one hour to remove the residual organic solvent.
The spin-coated nanoparticles form a close packed optically smooth thin film as shown in
the scanning electron microscope image (inset of Fig. 4.1 (a)). The thickness of the film was
estimated to be (105±5) nm and the refractive index of the spin-coated ZnO film determined
using ellipsometry was found to vary between 1.6 and 1.8 (real part) and 0.22 and 0.05
(imaginary part) in the wavelength range of interest (360-390 nm), as shown in Fig. 4.1 (a).
The real part of refractive index obtained for the quasi-thin film is less than the reported
values for bulk ZnO which is attributed to the voids within the thin film [65, 103, 109]. The
imaginary part shows the absorption feature with free exciton and higher continuum states.
The temperature-dependent absorption spectra of the ZnO nanoparticles are shown in
Fig. 4.1 (b). The absorption spectrum at 10 K consists of three peaks corresponding to the
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Figure 4.1: (a) The real and imaginary parts of the refractive index versus photon energy
are obtained from ellipsometry measurements of the ZnO nanoparticle film. The inset shows
the SEM image of spin-coated ZnO nanoparticle film; the scale bar corresponds to 500 nm.
(b) Absorption spectra of the ZnO nanoparticle film at various temperatures. (c) Schematic
of the microcavity structure.
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different exciton types in ZnO, namely the free exciton A (FXA ), B (FXB ) and C (FXC ). In
addition, the absorption spectrum shows absorption tail at lower energies as near band-edge
states, and continuous absorption at higher energies due to the manifold of higher energy
states of FXA , FXB and FXC [92, 104, 107, 108]. As the temperature increases, homogeneous
broadening starts to convolute and damp the exciton peaks. The exciton energies determined
from absorption are shown in Table 4.1. These exciton energies are consistent with those
reported for crystalline bulk ZnO[107, 108] indicating that the nanoparticles used in the
present work have large domain sizes that are crystalline in nature. Furthermore, their sizes
are much larger than the Bohr radius of ZnO exciton (∼2 nm)[107, 114], implying that there
are no quantum confinement effects.
Table 4.1: Free exciton energies determined from absorption.

Exciton energies

EA (eV)

EB (eV)

EC (eV)

T=10K

3.393

3.429

3.479

T=77K

3.390

3.426

3.476

T=150K

3.378

3.414

3.469

RT

3.378

Schematic of the microcavity structure is shown in Fig. 4.1(c). The structure consists of
colloidal ZnO nanoparticle cavity layer sandwiched between a 12.5-pair SiO2 /Si3 N4 bottom
DBR, and a 7.5-pair top DBR. The SiO2 /Si3 N4 DBR was fabricated by plasma enhanced
chemical vapor deposition (PECVD) on a silicon substrate using a combination of nitrous
oxide, silane, and ammonia as the reactive gases.
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Angle-resolved reflectivity and photoluminescence (PL) measurements were carried out
using a home built goniometer setup attached to a cryostat. A deuterium lamp was used
as the light source and a charge-coupled device-based fiber coupled spectrometer to collect
the optical signal in the reflectivity measurements. A He-Cd laser (325 nm) was used as
the excitation source and a monochromator-photomultiplier tube combination was used for
detection in the PL measurements.

4.3
4.3.1

Results and Discussion
Strong Coupling Regime

Angle-resolved reflectivity spectra of TM polarized light obtained at 10K from the MC
sample are shown in Fig. 4.2(a). The vertical dashed lines correspond to the absorption energies of three excitonic states and the dashed curves trace the polariton dispersion. Expanded
views indicating the different polariton branches at three typical angles are also shown in
Fig. 4.2(b).
At smaller angles, polariton branches corresponding to strong coupling between cavityphotons and the FXA , FXB excitons are observed and at larger angles (>25◦ ) an additional
mode corresponding to strong coupling with FXC excitons is also observed as indicated by
the arrows. Similar reflectivity spectra are also obtained with TE polarization (not shown
here). The polariton dispersions are similar for both polarizations for angles below 45◦
but start diverging at larger angles due to the difference in cavity dispersion for different
polarizations.
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Figure 4.2: (a) Angle-resolved reflectivity spectra with TM polarization at 10K. The spectra
are stacked with a constant offset of 0.25 between each adjacent spectrum; the vertical dashdotted lines correspond to the free exciton energies; the dashed curves trace the reflectivity
dispersion. (b) Expanded views showing the polariton reflectivity dips at 20◦ , 30◦ and 40◦ .
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The temperature dependence of ZnO polaritons is shown in Fig. 4.3, where the TM
polarized reflectivity spectra are shown for 77 K, 150 K, and RT. Similar reflectivity spectra
were also obtained with TE polarization (not shown here). The polariton dispersions are
similar for both polarizations for angles below 45◦ but start diverging at larger angles due
to the difference in cavity dispersion for the different polarization.
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Figure 4.3: Angle-resolved reflectivity spectra with TM polarization at (a) 77 K, (b) 150
K and (c) RT; the vertical dash-dotted lines corresponds to the free exciton energies; the
dashed curves trace the reflectivity dispersions.

As the temperature increases from 10 K to 77 K the four polariton branches red shift due
to the shift in exciton resonances. At 150 K, due to the homogenous broadening of the exciton
resonances, the middle polariton branches can only be resolved by deconvolving as multiple
Lorentzians. The four polariton branches can still be resolved at 150 K. However at RT, only
the lower polariton branch (LPB) is visible for the smaller angles (< 40◦ ) and the LPB flattens
out as it approaches the exciton energy. At larger angles, the upper polariton branch (UPB)
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Figure 4.4: The dispersions of the polariton branches extracted from the reflectivity spectra
with TM polarization at (a) 10 K, (b) 77 K, (c) 150 K and (d) RT. The dashed lines
correspond to the free exciton energies; the dashed curve corresponds to the cavity mode;
the data points represent the experimental reflectivity dips; and the solid lines correspond
to the polariton dispersion obtained using coupled oscillator model.
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becomes visible. Unlike lower temperatures, Only one UPB is observed and the polaritons
branches arising from coupling between different excitonic states are not observed. This
is due to the large Rabi splitting pushing the middle upper branches into the high energy
continuum of states and exciton-phonon complexes at RT [27, 32, 43]. Thanks to the large
exciton binding energy of 60 meV in ZnO, we are able to observe strong coupling even at
RT.
The reflectivity dispersion at various temperatures was extracted from the spectra as
shown in Fig. 4.4. Since three exciton types are observed in the absorption spectra at low
temperatures, a four coupled oscillator mode was used to fit the experimentally extracted
polariton dispersion. The solid curves in Fig. 4.4 correspond to the fits obtained using the
coupled oscillator model. The RT dispersion is fit to a two-coupled oscillator model since
only one exciton feature is visible in the absorption spectrum.
The fit parameters are summarized in Table 2. Here the cavity mode was determined
p
as Ecav (θ) = E0 / 1 − (sin(θ)/nef f )2 with cutoff photon energy E0 and effective refractive
index nef f = 1.7 based on the measured dispersion of nanoparticle film. EA , EB and EC
are the energies of three excitons. VA , VB and VC are the interaction potentials between
photon and each of the excitons, where 2V = ~ΩRabi is the Rabi splitting. As seen above,
the interaction potentials clearly indicate presence of strongly coupled polariton states at all
temperatures, with a large Rabi splitting of ∼ 90 meV at RT. This is consistent with other
reports on bulk ZnO based MC[27, 102, 106].
In addition, angle-resolved reflectivity simulation is also carried out via transfer matrix
method (TMM, see Section 3.2.2) based on the ellipsometry data of the cavity layer and
known parameters of the DBR mirrors. A typical contour plot of angle-resolved reflectivity at
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Figure 4.5: Calculated reflectivity contour map for the MC at 150K, gray gradient represents
the reflectivity. The circles are the polariton mode energies extracted from the angle-resolved
reflectivity spectra, the red dashed lines represent exciton energies, the red dashed curve
represents the cavity modes and the blue solid curves correspond to theoretical fit of the
polariton branches via a coupled-oscillator model.
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Table 4.2: Fit parameters for the couple oscillator model.

polari-

Temp

VA

VB

VC

zation

(K)

(meV)

(meV)

(meV)

TM

10

28

28

32

77

27

25

150

28

26

RT

45

10

29

24

77

28

150

28

RT

48

TE

nef f

E0

EA

EB

EC

(eV)

(eV)

(eV)

(eV)

1.7

3.22

3.393

3.429
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150 K is shown in Fig. 4.5, where the experimental dispersion and theoretical fits of coupled
oscillator model are overlaid on the contour map. The simulation shows good agreement
with the experimental observations.
To further investigate the strong coupling effects at RT, the PL spectra for various collection angles at RT were studied (Fig. 4.6). The PL collected at 7.5◦ with respect to normal
to the sample peaks at 3.2 eV, which is consistent with the reflectivity dip at the same
collection angle. As the collection angle increases, the PL peak also blue-shifts. The PL
dispersion shown by the red dashed curve approaches the free exciton emission energy and
flattens out, distinguishing from the weak-coupling regime where PL peaks simply follow the
cavity dispersion. The PL dispersion here could be identified as the LPB emission. Once
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Figure 4.6: A series of angle-resolved PL spectra at RT. The red dashed curve traces the
PL dispersion; the dashed line at 3.378 eV represents the ZnO exciton (FXA ) energy; and
the dashed curve represents the cavity dispersion. The inset shows the PL and absorbance
spectra of ZnO nanoparticles at RT.
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again only the LPB is observed in PL as well due to the large Rabi splitting which pushes
the UPB to continuum states and phonon complexes[7, 27].

4.3.2

Stimulated Emission

Stimulated emissions are observed in crystalline ZnO based MC with high quality factor
at low temperature as well as at room temperature[32, 57, 57, 90, 98, 106]. Since the angledependent PL conserves the polariton dispersion from the reflectivity characterizations, this
MC offers an alternative amorphous form with low-cost fabrication low quality factor for
studying the stimulated emission of the polaritons. The stimulated emission was investigated
using a pulsed laser derived from a 1 KHz Ti:Sapphire regenerative amplifier that seeds an
optical parametric amplifier (OPA). Pulses centered at 280 nm with temporal duration of
∼ l00 fs were used to excite the sample (beam spot size of ∼ 500 µm and optical fluences
ranging from 5 µJ/cm2 to 152 µJ/cm2 ) at an excitation angle of 15◦ . The PL was collected
and focused onto the CCD camera using a pair of parabolic mirrors.
All the power-dependent PL spectra are shown in Fig. 4.7. The PL shows one major peak
∼ 3.2 eV and the intensity increases largely with pump power. In Fig. 4.7 (b), the integrated
PL versus pump power is summarized and shows a superlinear increase suddenly around 65
µJ/cm2 (Pth = 65µJ/cm2 ) and slowly starts to saturates at higher power. Accompanied
with this superlinear threshold for the PL intensity, a sharp drop of the linewidth from 60
meV to 40 meV is also observed. Both are signatures of the stimulated emission from the
MC, indicating the stimulated scattering happening in this system. The linewidth of 40
meV above the threshold is relatively larger than typical polariton lasing linewidth, which
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Figure 4.7: (a) Power-dependent PL spectra, with excitation fluences from 5 µJ/cm2 to 152
µJ/cm2 . (b) Integrated PL intensity and PL linewidth versus pump power, the red squares
represent the integrated PL intensity, the black circles represent the linewdith. (c) The PL
peak position versus pump power.
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is probably due to the inhomogeneous broadening inherited from the cavity photons. At the
same time, the PL peak positions are also blue-shifting before the threshold, which results
from the repulsive interaction between the LPB states arising from high population of the
LPB states pushing the system temporarily in weak coupling regime.[38]. This, on the other
hand, implies that there is stimulated scattering of polaritons into the lower LPB. Beyond
the threshold at higher power, the intensity starts to saturate while the linewidth of the PL
also increases back as well as the peak position red-shifts back. It thus implies the depletion
of accumulated polaritons at lower polariton states via the leakage of the cavity starts to
balance out the stimulated scattering process at high pump power.
To better understand the sub-picosecond dynamic process in this stimulated emission,
time-resolved PL measurements via optical Kerr gating (OKG) were carried out for a control
cavity sample and the MC at different pump powers. In the OKG measurements, same pulsed
laser were used and benzene was employed as the Kerr medium. More details about the OKG
time-resolved setup is already discussed in Section 3.5.2. The control cavity sample is the
same spin-coated ZnO NPs sandwiched between two SiO2 layers. Fig. 4.8 shows the time
resolved PL spectra for the control cavity sample at high power (P = 4Pth ) and the MC at
various pump powers. Obviously the control sample shows much broader emission centered
around 377 nm (3.29 eV) while the MC has a narrower emission centered around 384 nm
(3.21 eV). In addition, the time range becomes much narrower when the MC pump power
goes beyond the threshold, indicating a very fast process is introduced at higher pump power.
If we first look at the decay process at the MC PL peak wavelength for both MC and
control samples, as shown in Fig. 4.9 (a), their lifetimes are almost identical. This suggests
during the non-resonant pump, an exciton reservoir is probably formed at higher energy

81

(a)

(b)
ZnO control layer at P = 4 Pth

(c)

ZnO MC at P = 0.55 Pth

(d)
ZnO MC at P = 4Pth

ZnO MC at P = 13Pth

Figure 4.8: Time resolved PL spectra at normal collection angle via optical Kerr gating for
(a) ZnO control cavity sample at P = 4Pth , (b) ZnO MC at P = 0.55Pth , (c) ZnO MC at
P = 4Pth and (d) ZnO MC at P = 13Pth . The two dimensional spectra maps has the time
as the vertical axis and the wavelength as the horizontal axis. The color gradient represents
the PL intensity, where the intensity is higher for bluer color and lower for redder color
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above the UPB. The polaritons relaxed from this reservoir after excitation and quickly leak
out from the cavity. The lifetime of the polariton is then dominated by the exciton lifetime.
When pump the MC above the threshold power, the decay at the MC PL peak wavelength
suddenly becomes much faster, whose lifetime drops from 12.34 ps to sub-picosecond range,
as shown in Fig. 4.9 (b). This indicates the polariton relaxation from the reservoir is facilitate by a ultrafast mechanism, which in the MC system is attributed to the stimulated
scattering[30, 144]. Although the polariton relaxation process at RT generally involves scat-

(a)

(b)

Figure 4.9: (a) Time-resolved PL at the peak position of 3.22 eV for both ZnO control cavity
sample (P = 4Pth ) and ZnO MC below the threshold (P = 0.55Pth ). (b) Time-resolved PL at
the peak position of 3.22 eV for ZnO MC at various pump powers (P = 0.55Pth , 4Pth , 13Pth ).
Inset: The expanded view of the time-resolved PL at higher powers (P = 4Pth , 13Pth ).

tering and thermalization, the sub-picosecond stimulated scattering would dominate this
process when the pump is beyond the threshold power. In addition, the lifetime does not
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decrease significantly any more even when the pump power is far above the threshold, as
shown in the inset of Fig. 4.9 (b). This implies the scattering process still dominate the
lifetime even though the depletion of the polaritons becomes faster.
Along with the power-dependent and time-resolved PL, the nonlinear emission of the
MC polaritons at room temperature is found to be resulting from the stimulated scattering.
However the coherence of the nonlinear emission has not been determined yet since there
is no collapse in the k-space energy dispersion observed. Moreover, the emission linewidth
above the threshold is still large. It still needs further investigation to identify this nonlinear
emission as the polariton lasing.

4.4

Summary

We show the formation of microcavity polaritons in a dielectric microcavity embedded
with ZnO nanoparticles. Four polariton branches are observed at low temperatures due to
strong coupling of cavity mode and three different excitonic states. At room temperature
only two polariton branches are observed with a Rabi Splitting of ∼90meV in reflectivity
and only the LPB emission is observed in PL. In addition, the stimulated emission from this
MC at room temperature is observed and discussed via power-dependent and time-resolved
PL measurements. The demonstration of strong coupling effects at RT using a simple and
low cost fabrication technique indicates the potential of the ZnO based nanomaterials for
developing practical and flexible polaritonic devices and circuits.
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Chapter 5

Room temperature
Frenkel-Wannier-Mott hybridization
of degenerate excitons in a strongly
coupled microcavity
Hybrid organic-inorganic polaritons are formed by the simultaneous strong coupling of
two degenerate excitons and a microcavity photon at room temperature. Wannier-Mott and
Frenkel excitons in spatially separated ZnO and 3,4,7,8-napthalene tetracarboxylic dianhydride (NTCDA) layers, respectively, placed in a single Fabry-Perot microcavity contribute
to the interaction with the cavity. A Rabi splitting of (322±8) meV between the upper and
middle branches of the three branch polariton energy-momentum dispersion is observed.
This is compared to only (224±22) meV and (218±8) meV Rabi splittings for NTCDA-only
and ZnO-only reference cavities, respectively, and indicates that the excitonic component of
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the polariton is a Frenkel-Wannier-Mott hybrid. Unlike previous reports of hybrid polaritons, the mixing of the organic and inorganic eigenstates occurs independently of angle due
to their energetic degeneracy, and can be tailored by adjusting the optical field distribution
within the cavity.

5.1

Introduction

For a number of years, combining organic and inorganic semiconductor systems has been
of interest as a means to precisely engineer optoelectronic properties to meet the requirements of particular applications [6, 44, 91]. Hybrid structures using direct Coulomb coupling
of tightly bound and stable organic Frenkel, and more delocalized and unstable (at room
temperature) inorganic Wannier-Mott (WM) excitons have been sought to produce efficient non-radiative energy transfer, enhanced oscillator strength, and optical non-linearities
[20, 41, 42, 51, 52, 59, 70, 74, 84, 167]. Due to the limited range of the dipole-dipole
interaction, however, a more convenient approach to hybridization of these remarkably dissimilar excited states is photon-mediated coupling in a microcavity[1]. In the limit of strong
light-matter coupling (i.e. when the interaction strength exceeds the excitonic and cavity linewidths), formation of new quasiparticle eigenstates, known as polaritons, has been
demonstrated by mixing multiple excitons with a cavity photon[60, 61, 87, 93, 151]. In the
case of non-resonant excitons, the contribution of each component (and thus the excitonic
hybridization) varies with angle [3]. Here, we demonstrate uniform Frenkel-Wannier-Mott
hybridization of degenerate excitons in spatially separate nanoparticle ZnO and 3,4,7,8napthalene tetracarboxylic dianhydride (NTCDA) layers within a strongly-coupled micro-
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cavity. Remarkably, these hybrid states are stable at room temperature, which differs from
previous reports of organic/inorganic polaritons that were only observed well below 300K.
Their stability and angle independence opens up new possibilities for the use of hybrid
systems in practical optoelectronic and nonlinear optical applications.
In the strong-coupling regime, the new normal modes of the system possess both excitonic
and photonic character. The intersecting energy-momentum dispersions of the uncoupled
photon and exciton(s) split into anticrossing polariton branches. The number of branches
is equal to the number of interacting photonic and excitonic states. The energy separation between the branches around each excitonic resonance, known as the Rabi splitting,
is proportional to the strength of the light-matter interaction, which in turn depends on
the oscillator strength of the materials. Due to conservation of the in-plane momentum
associated with the photonic component of the polariton, the dispersion can be observed in
angle-resolved reflectivity or (when present) photoluminescence with a one-to-one mapping
between angle and polariton in-plane momentum. In general, the proportion of the photon
and exciton contributions to the polariton varies along each branch. In previously reported
hybrid organic/inorganic polariton systems[61, 87, 151], the Rabi splitting was smaller than
the energy difference between Frenkel and WM excitons resulting in three branches, the
middle branch consisting of both excitons and the photon. Thus, the ratio of the organic
to the inorganic exciton contribution varied with angle for the hybrid middle polariton. A
theoretical treatment of such resonant (but non-degenerate) hybrid systems was developed
by Agranovich et al. in Ref. [3]. In this work, we focus on degenerate Frenkel and WM
excitons that simultaneously couple to the cavity mode, thereby behaving as a single, angleindependent hybridized excitonic component of the resulting polaritons.
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5.2

Sample Preparation

Three microcavities, shown schematically in Fig. 5.1, were prepared for this study employing (a) inorganic semiconductor ZnO nanoparticles, (b) small-molecular weight organic
NTCDA and (c) both as active materials. The bottom mirror, a DBR consisting of 8.5
pairs of SiO2 /SiNx , was deposited directly onto pre-cleaned quartz by plasma-enhanced
chemical vapor deposition. Optical constants were measured using variable-angle spectroscopic ellipsometry, and DBR layer thicknesses were adjusted to produce mirrors with a
center wavelength around λ = 380-390 nm. Approximately 175-nm-thick ZnO films were
spin-coated onto the DBR from a ZnO nanoparticle (<35 nm average diameter) dispersion
(Sigma-Aldrich SKU# 721085) diluted by ethanol to 9.6% wt. The films were subsequently
baked in air at 300◦ C for 10 min. to drive off the solvent. 60-nm-thick NTCDA films were
thermally deposited in high vacuum (base pressure < 5 × 10−7 Torr) by sublimation from
a resistive source. The silica (SiO2 ) spacer was deposited using e-beam evaporation. The
active layers were capped by a partially transparent, 10-nm-thick e-beam evaporated Al mirror. Angle- and spectrally-resolved cavity reflectivity was measured at room temperature
from the Al side using TE-polarized light to probe the energy-momentum dispersion of the
cavities with 2.5 nm and 2.5◦ resolution.
The optical constants of the ZnO nanoparticles and NTCDA measured on Si by spectroscopic ellipsometry and fit by a generalized oscillator model are shown in Fig. 5.1 (d).
NTCDA has two pronounced absorption peaks corresponding to the lowest-energy exciton
(E00 ≈3.18 eV) and its vibronic 0-1 exciton replica (E01 ≈ 3.38 eV). The higher-energy
vibronic is approximately resonant with the ZnO exciton (EZnO ≈ E01 ) which is partly ob-
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(a)

10 nm Al
SiO2 spacer

(b)

10 nm Al
60 nm NTCDA

(c)

10 nm Al
60 nm NTCDA
SiO2 spacer

175 nm ZnO
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175 nm ZnO

SiO2/SiNx DBR

SiO2/SiNx DBR

SiO2/SiNx DBR

Quartz

Quartz
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(d)

Figure 5.1: (Color online) The structure of the strongly-coupled (a) ZnO, (b) NTCDA and
(c) hybrid cavities. The SiO2 spacer thickness is adjusted between the three structures to
maintain similar detuning. (d) Refractive index (n) and extinction coefficient (k) of ZnO
and NTCDA on Si measured by ellipsometry. The ZnO absorption is roughly half that of
the 0-1 vibronic of NTCDA.
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Al

θ = 35°

Figure 5.2: (Color) Optical field distribution in the hybrid optical microcavity. Transfer
matrix simulations determine the optical field intensity as a function of position in the
cavity. Solid lines indicate layer boundaries, dashed lines indicate approximate position of
the excitons. Note that although the 10-nm Al layer is too thin to see in the figure, it is
included in the simulation.
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scured by the band-edge absorption but is stable at room temperature due to its high binding
energy of roughly 60 meV. For convenience, exciton energies will henceforth be referred to
as E1 = E00 and E2 = E01 = EZnO for the lower- and higher-energy excitons, respectively.
Compared to bulk ZnO, the nanoparticle film has a slightly reduced refractive index and
optical absorption, likely owing to reduced density of the spin-coated layer. Nonetheless, the
film is optically homogeneous and, as can be seen in Fig. 5.1 (d), has an absorption peak
intensity roughly half that of the higher-energy exciton in NTCDA. To compensate for its
lower oscillator strength, the cavity structure was designed such that two electric field antinodes are located in the ZnO layer and one in NTCDA. The thickness of the silica spacer (used
to prevent direct coupling of the excited states in these two materials) was optimized for a
negative detuning i.e. the energy of the photon mode at normal incidence, E0 = Eph (θ = 0◦ ),
is below the higher-energy excitons (E0 < E2 ). A transfer matrix simulation of the optical
field intensity in the hybrid cavity is shown in Fig. 5.2 for θ = 35◦ , approximately where
the uncoupled cavity dispersion crosses E2 . In the ZnO-only and NTCDA-only cavities, the
spacer thickness was increased to compensate for the optical length of the missing active
layer, thereby maintaining comparable detunings and field distributions in all samples.

5.3
5.3.1

Results and Discussion
Hybrid Polaritons

In the case of the single ZnO exciton coupled to the cavity, two polariton branches are
formed, while the two coupled vibronics of NTCDA result in a complex, multibranch energy-
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momentum dispersion. Figure 5.3 shows the room-temperature TE-polarized reflectivity of
strongly-coupled ZnO, NTCDA and hybrid cavities. As expected, the ZnO cavity has two
features: the lower polariton is photon-like near normal (θ = 0◦ ) incidence and is increasingly
exciton-like at higher angles. The upper branch is difficult to resolve due to the broad-band
absorption of ZnO above the uncoupled exciton energy. As evident in Fig. 5.3 (d), rather
than producing a distinct reflectivity minimum, the upper polariton appears as a shoulder at
low incidence angles, turning into a shallow and rather broad feature at higher angles. Equal
photon-exciton mixing is achieved at the point of anti-crossing for both polariton branches
(Fig. 5.3 (a) inset). The three-branch dispersion observed in NTCDA and hybrid cavities
indicates that two excitons are strongly coupled to the photon in both cases. The hybrid
cavity, however, has an increased splitting between the upper and middle polariton branches.
In fact, the Rabi splitting around E2 in the hybrid cavity exceeds that of ZnO and NTCDA,
suggesting that both excitons are strongly-coupled and jointly contribute to the oscillator
strength of the E2 transition.
In addition, to clarify the strong coupling regime in our cavities and rule out the surface
plasmon modes from the top Al layer, Fig. 5.4 shows the transfer matrix method simulations
that compare the reflectivity of (a) a ZnO cavity, with that of (b) a passive cavity with SiO2
only. In the active cavity, clear anticrossing is observed (indicated by the diverging red dotted
lines). This is the signature of strong coupling with the ZnO excitons. The simulation in Fig.
5.4 (a) matches reasonably the measured data presented in Fig. 5.3 (d). In the SiO2 -only
cavity, both the cavity mode and DBR side bands have similar, simple parabolic dispersions
with no discontinuities or flattening as observed in both Fig. 5.4 (a) and (b). Thus, no
metal plasmon mode is supported by this structure in the energy range of interest. This
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Figure 5.3: (Color online) Room-temperature angle-resolved TE-polarized reflectivity (gradient) is measured for the (a,d) ZnO, (b,e) NTCDA and (c,f) hybrid cavities. As expected,
three polariton branches (upper, middle and lower) are observed in (b,e) and (c,f), while
only two (upper and lower) are observed in (a,d). In (a-c), the extracted minima of the
reflectivity (filled circles) highlight the positions of the polariton branches, while the solid
lines correspond to a coupled-oscillator Hamiltonian fit with parameters as listed in Table
5.1. For reference, the uncoupled cavity mode (dash-dot) and exciton energies (dashed) are
also indicated. In (d-f), vertical lines indicate positions of excitons, dotted lines show approximate positions of the polariton features. Inset: Photonic (circles) and excitonic (crosses)
fraction of the lower polariton branch in (a) extracted from the two-oscillator fit. In the
upper branch, the photon and exciton fractions are exactly reversed.

93
means that the behavior in our cavities is not significantly altered from those with top DBR
mirrors.

Figure 5.4: TMM simulation of angle-resolved reflectivity spectra for (a) ZnO cavity structure
in Fig. 5.1, and for (b) a SiO2 cavity, which has exact same mirror structure as all the cavity
structures in Fig. 5.1 and cavity length of SiO2 same to that of the ZnO cavity.

The polariton dispersion extracted from the reflectivity minima (Fig. 5.3 (a-c), filled
circles) can be fit by a coupled three-oscillator Hamiltonian[3, 60, 145] (similar to equation
(2.33)) since there two exciton energies and one cavity photon mode given by:
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where Eph is the cavity mode dispersion, V1 and V2 are interaction potentials between the
photon and excitons, α2 , β 2 and γ 2 are the Hopfield mixing coefficients representing the
fractional contribution of each component (Fig. 5.5), and E are angle-dependent polariton
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eigenenergies (Fig. 5.3(a-c), solid lines). For the ZnO cavity, V1 and E1 are omitted and the
Hamiltonian is reduced to two coupled oscillators. The cavity dispersion is approximated
p
by Eph = E0 / 1 − (sin(θ)/nef f )2 where E0 is the cavity cutoff energy as before, and nef f
is the effective refractive index of the cavity that takes into account field penetration into
the bottom distributed Bragg reflector (DBR) and index differences between the active and
spacer layers. The magnitude of the Rabi splitting is proportional to twice the interaction
energy, i.e. ~Ωi = 2Vi . Using Vi , E0 , nef f as fitting parameters, we extract Rabi splittings
of (322±8), (224±22) and (218±8) meV between the upper two branches in the hybrid,
NTCDA and ZnO cavities, respectively. The values of all parameters are listed in Table 5.1.
Table 5.1: Parameters for the coupled-oscillator model used to fit polariton dispersions of
the ZnO, NTCDA and hybrid cavities. For the ZnO case, a two-level Hamiltonian is used
since only one exciton is present. Best fits were obtained using E0 = 3.2 eV and E1 =3.38
eV. Mirrors consist of an 8.5 pair SiO2 /SiNx DBR, and a 10-nm-thick Al cap.

Cavity structure

E0 (eV)

nef f

V1 (meV) V2 (meV)

175 nm ZnO/ 90 nm SiO2

3.17±0.01

1.65±0.04

115 nm SiO2 / 60 nm NTCDA

3.15±0.03

1.6±0.08

111±4

112±11

175 nm ZnO/ 35 nm SiO2 / 60 nm NTCDA

3.17±0.02

1.6±0.04

75±8

161±4

109±4

The greatly enhanced interaction potential, V2 , in the hybrid cavity indicates stronger
photon-exciton coupling compared to that in ’pure’ cavities. This enhancement, in contrast to previous reports[61, 87, 151] on hybrid polaritons, can result from improved electric
field overlap with the active layers, increased cavity quality and/or greater total oscillator
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strength. Since the detuning and overall optical length is kept roughly equal in all three
cavities, the field distribution has only negligible variation. Likewise, because the structures
all share the same mirrors, only minor differences in cavity quality are expected. Therefore,

Upper branch

Middle branch

Lower branch

Figure 5.5: (Color online) Hopfield coefficients from the coupled-oscillator model (eigenvectors in equation 5.1) showing the composition of the upper, middle, and lower polaritons in
the hybrid cavity extracted from the Hamiltonian fit. The upper branch is composed largely
of the uniformly hybridized (ZnO/NTCDA 0-1) exciton (’ex2’, crosses) and photon (circles).
The lower branch is mostly NTCDA 0-0 exciton (’ex1’, triangles) mixed with the photon.
The middle branch contains all three components.

the hybrid cavity dispersion is consistent with increased oscillator strength of the E2 exciton
which in the present case is a hybrid excitonic state of Wannier-Mott and Frenkel excitons.
The observed enhancement in the Rabi splitting of the hybrid cavity of (1.44±0.15) compared
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to that of pure NTCDA cavity conclusively shows that indeed both the Frenkel excitons in
NTCDA and Wannier-Mott excitons in ZnO simultaneously strongly couple to the photon
mode, and together contribute to the strength of the E2 transition.
In previous work, hybridization of two non-resonant excitons and a photon occurred
predominantly in the middle polariton branch[61, 87, 151]. Since the excitonic fractions in the
middle polariton must vary with wavevector[3] (as in Fig. 5.5), equal and maximum mixing
of the excitons occurs at only a single incidence angle. Moreover, the photon contribution
at this maximum is also significant. In the hybrid cavity reported here, the degenerate ZnO
and NTCDA excitons are indistinguishably strongly-coupled at all angles, acting as a single
hybrid exciton (’ex2’ in Fig. 5.5) with the combined oscillator strengths of the two active
layers. Therefore, the hybridization of NTCDA 0-1 and ZnO excitons is independent of the
Hopfield mixing coefficients, instead resulting from the field overlap with the active layers
which can be tailored by adjusting their thicknesses. Indeed, it is not possible to extract
the individual contribution of the degenerate excitons using this formalism. The properties
of the upper branch (which consists almost exclusively of the Frenkel-Wannier-Mott hybrid
exciton mixed with the cavity photon) and the middle branch (which also adds the NTCDA
0-0 vibronic into the mix) are expected to be significantly different from either semiconductor.

5.3.2

Angle-Resolved Photoluminescence (PL) and Power-dependent
PL

Angle-resolved PL measurements were also carried out for a hybrid cavity consisting of
a SiO2 /SiNx DBR (12.5 pairs) / 95 nm ZnO / 40 nm MgF2 / 50 nm NTCDA / 10 nm Al.
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(a)

(b)

(c)

Figure 5.6: (Color) Angle-resolved (a) reflectivity and (b) photoluminescence (PL) of a
hybrid cavity consisting of a 12.5 pairs SiO2 /SiNx DBR / 95 nm ZnO / 40 nm MgF2 / 50
nm NTCDA / 10 nm Al. Dashed lines represent the uncoupled exciton energies. The threebranch polariton dispersion evident in reflectivity is fit with the coupled oscillator model
(solid lines). The fitted dispersion is overlaid on the PL data for comparison. Note the angle
range for reflectivity is from 15-45◦ while that for PL is from 0-45◦ (c) Comparison of the
PL for the active layers (95 nm ZnO / 40 nm MgF2 / 50 nm NTCDA) and the hybrid MC
at normal collection angle.
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Both angle-resolved reflectivity and PL data are shown in Fig. 5.6 (Note the angle range
for reflectivity is from 15-45◦ while that for PL is from 0-45◦ ). The cavity was pumped
non-resonantly using a ns-pulsed N2 laser (λ = 337 nm). As can be seen, the PL dispersion
matches that of the lower polariton branch in reflectivity confirming strong coupling. No PL
is observed from the middle or upper polaritons. We attribute this to fast relaxation in the
NTCDA component of the hybrid polariton via emission of an intramolecular phonon. Weak
flat emission can be observed near 3.3 eV and is attributed to the uncoupled ZnO exciton
emission. Below LP, DBR sideband emission can also be seen. Comparing the relative
intensity of the ZnO emission for the same active layers (95 nm ZnO / 40 nm MgF2 / 50 nm
NTCDA) but without the mirrors, as shown in Fig. 5.6 (c). It is clear that only a minute
fraction of ZnO excitons are not strongly coupled in the cavity. Unlike the polariton PL,
the emission of the bare active layers has no angular dependence and is all the same at all
angles.
In addition, the power-dependent PL was investigated using a pulsed laser derived from a
1 KHz Ti:Sapphire regenerative amplifier that seeds an optical parametric amplifier (OPA).
Pulses centered at 280 nm with temporal duration of ∼ l00 fs were used to excite the sample
(beam spot size of ∼ 500 µm and optical fluences ranging from 5 µJ/cm2 to 1.27 mJ/cm2 )
at an excitation angle of 15◦ . The PL was collected and focused onto the CCD camera using
a pair of parabolic mirrors.
All the PL spectra for all three cavity samples discussed in the reflectivity section are
shown in Fig. 5.7. The PL peak position at ZnO cavity in Fig. 5.7 (a) is around 3.3 eV
while the LPB at normal angle from the reflectivity is around 3.15 eV. This indicates the
emission is more likely to be leaked from the uncoupled ZnO exciton states rather than the
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LPB states. As the power increases, the PL peak does not shift and the PL linewidth does
not significantly change either. In the PL intensity versus pump power of ZnO cavity as
shown in Fig. 5.7 (d), it shows the linear dependence at smaller power and tends to saturate
at higher power. This feature is similar to that of ZnO exciton emission, hence on the other
hand suggests the emission at this cavity is mainly from the uncoupled exciton. For the PL
peaks of ∼ 2.9 eV and ∼ 3.1 eV at NTCDA cavity as shown in Fig. 5.7 (b), the first one is
from the leakage of the sideband of the DBR mirror and the second one is more likely from
the LPB, as discussed in the angle-dependent PL measurements. In the power-dependent
PL intensity of Fig. 5.7 (e), the absence of nonlinear feature shows there is no stimulated
emission from this system. It thus probably implies the scattering of polaritons in this cavity
is not fast enough comparing to the relaxation of the polaritons. In the hybrid cavity, three
peaks are observed in Fig. 5.7 (c), which are just the combination of ZnO cavity and NTCDA
cavity. In the PL dependences of pump power in Fig. 5.7 (f), they are also consistent with
those of ZnO and NTCDA reference cavities.
The hybrid polariton behavior observed in the reflectivity measurements are not seen in
angle-dependent and power-dependent PL measurements due to the presence of uncoupled
ZnO emission and fast relaxation of polariton from the hybrid polariton branches. Although
the lower polariton PL usually follows the dispersion observed in reflectivity, due to the small
contribution from the hybrid exciton very little characteristics of hybridization is observed.
A more convenient system would consist of an organic-inorganic microcavity where participation is limited to only lowest energy degenerate excitons. Alternatively, a system with
degeneracy between the hybrid polariton and the emission from the lowest molecular vibronic could be used to achieve fast population transfer to the bottom of the lower polariton

101
branch, bypassing the bottleneck that often impedes polariton lasing in inorganic systems.

5.4

Conclusion

In summary, degenerate Frenkel and Wannier-Mott excitons are hybridized within an
optical microcavity in the strong-coupling regime. The hybrid polariton states are stable at
room temperature. Characteristic polariton dispersion and an increased Rabi splitting of
(322±8) meV is observed in angle-resolved reflectivity of a cavity containing NTCDA and
ZnO as active materials confirming strong coupling of both species. The splitting is larger
than that of comparably detuned cavities containing only NTCDA or ZnO, and suggests that
the two semiconductors are acting as a single, uniformly-hybridized excitonic state of the
resulting polaritons. The upper polariton state consists of a mixture of the hybrid exciton
and cavity photon, while the middle polariton states are also further hybridized with the
non-degenerate NTCDA 0-0 exciton.
In contrast to previous work, the Frenkel-Wannier-Mott hybridization does not vary as a
function of in-plane momentum for the upper branch, and only varies in the middle branch
due to the presence of a second non-resonant Frenkel state. Due to significant contributions
from the hybrid exciton, both the upper and middle polariton branches are expected to
have novel optical properties (e.g. pronounced third-order nonlinear optical susceptibility[6])
that warrant further investigation. Although the population dynamics of the NTCDA/ZnO
polariton system are dominated by fast relaxation to the lowest branch via emission of
an intermolecular phonon in NTCDA, such hybrid degenerate systems nonetheless offer a
promising pathway to nonlinear devices with engineered optical properties.
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Chapter 6

Strong Light-Matter Coupling in
Two-Dimensional Atomic Crystals
Two dimensional (2D) atomic crystals of graphene, and transition metal dichalcogenides
have emerged as a class of materials that show strong light-matter interaction. This interaction can be further controlled by embedding such materials into optical microcavities. When the interaction is engineered to be stronger than the dissipation of light and
matter entities, one reaches the strong coupling regime resulting in the formation of halflight half-matter bosonic quasiparticles called microcavity polaritons[38]. Here we report
evidence of strong light-matter coupling and the formation of microcavity polaritons in a
two-dimensional atomic crystal of molybdenum disulphide (MoS2 ) embedded inside a dielectric microcavity at room temperature. A Rabi splitting of 46±3 meV is observed in
angle-resolved reflectivity and photoluminescence spectra owing to the coupling between the
two-dimensional excitons and the cavity photons. Realizing strong coupling at room temperature in two-dimensional materials that offer disorder-free potential landscape provides
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an attractive route for the development of practical polaritonic devices.

6.1

Introduction

Two-dimensional (2D) materials have garnered much attention in the past decade owing to the plethora of exceptional electronic, mechanical, optical and thermal properties
demonstrated by them. Specifically in the context of optoelectronics, the huge light-matter
interaction that 2D materials have demonstrated has made them highly attractive for practical device applications. Graphene, the archetype 2D material was explored extensively for
a wide array of photonic applications[105]. However, due to the lack of direct bandgap in
graphene, considerable attention has shifted towards 2D materials known as layered transition metal dichalcogenides (TMDs)[23, 105]. These TMDs are a group of naturally abundant
material with a MX2 stoichiometry, where M is a transition metal element from group VI
(M = Mo, W); and X is a chalcogen (M = S, Se, Te). One of the most intriguing aspect of
TMDs is the emergence of fundamentally distinct electronic and optoelectronic properties as
the material transitions from bulk to the 2D limit (monolayer)[101, 133, 146]. For example,
the TMDs evolve from indirect to direct bandgap semiconductors spanning the energy range
of 1.1 to 1.9 eV in the 2D limit[146].
Molybdenum disulphide (MoS2 ) has been used to demonstrate a wide array of optoelectronic devices such as 2D light emitters[139], transistors[168], valleytronics[25, 100, 155, 165]
and photodetectors[97]. The novel excitonic properties of 2D MoS2 that make it very interesting for both fundamental studies and applications include: (i) the enhanced direct
band gap photoluminescence (PL) quantum yield of the monolayer compared with the bulk
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counterpart[101, 133], (ii) the small effective exciton Bohr radius (∼ 1 nm) and associated
large exciton binding energy (0.96 eV)[116] providing the opportunity for realizing excitonic
devices that operate at room temperature (RT) and (iii) the 2D nature of the dipole orientation making the excitonic emission highly anisotropic[129]. The interaction of a dipole
with light can be modified by altering the surrounding dielectric environment. For example,
the spontaneous emission rate and the direction of emission can be modified by embedding
the dipole in an optical cavity due to the change in photon density of states. These effects
have been demonstrated in in the 2D materials using photonic crystal cavities coupled to
2D layers of MoS2 [49], and WSe2 [154]. Here the interaction strength between the dipole and
the cavity photon is weaker than their respective dissipation rates and hence is defined to
be in the weak coupling regime.
When the interaction between the dipole and the cavity photons occur at a rate that
is faster than the average dissipation rates of the cavity photon and dipole, one enters the
strong coupling regime resulting in the formation of new eigenstates that are half-light halfmatter bosonic quasiparticles called cavity polaritons. Since the pioneering work of Weisbuch
et al.[150] there have been numerous demonstrations of cavity polariton formation and associated exotic phenomena in solid state systems using microcavities and quantum wells that
support quasi 2D excitons[9, 73, 85]. However owing to the small binding energy of excitons
in traditional inorganic semiconductors such as GaAs, most of these effects were observed
at cryogenic temperatures making it impractical for real device applications. This issue has
been partly mitigated using organic materials[76] and wide band gap semiconductors such as
GaN and ZnO[18, 30, 98]. The organic systems, however, exhibit strong localization effects
owing to the disordered electronic potential landscape[7], while the wide band gap semicon-
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ductors are restricted to shorter wavelengths and require sophisticated growth techniques on
lattice-matched substrates. In this context 2D materials provide an ideal platform to realize
polaritonic phenomena at room temperature in a mostly disorder free system using relatively
inexpensive growth techniques and on a wide variety of substrates. Here, we report for the
first time the observation of strongly coupled 2D exciton-polaritons using a MoS2 monolayer
embedded in a dielectric microcavity (MC).

6.2

Sample Preparation

As shown in Fig. 6.1 (a), the MC consists of a monolayer of MoS2 sandwiched between
two SiO2 layers acting as the cavity layer which is placed between SiO2 /Si3 N4 distributed
Bragg reflector (DBR) mirrors. The bottom and top DBR consist of 8.5 and 7.5 periods of
SiO2 /Si3 N4 , respectively. The SiO2 layers and DBRs were fabricated by plasma enhanced
chemical vapor deposition (PECVD) on a glass substrate using a combination of nitrous
oxide, silane, and ammonia as the reactive gases, with a 250 ◦ C substrate temperature.
Large-area monolayer MoS2 was synthesized at 650 ◦ C by ambient pressure chemical vapor deposition (APCVD) using perylene-3,4,9,10-tetracarboxylic acid tetra-potassium salt
(PTAS) as the seed on SiO2 /Si substrate[88]. The SEM image of large-area CVD MoS2
is shown in Fig. 6.1 (a). Sulfur powder and molybdenum oxide (MoO3 ) were used as the
precursors for the synthesis. The MoS2 monolayer was then immersed in DI water and lifted
off from the substrate into water. The MoS2 -water solution was then drop cast onto the
spacer layer of SiO2 above the bottom DBR and gently heated at 50 ◦ C to form the active
cavity layer[88]. The integrity of monolayer with a typical grain size of 30-100 µm for the
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Figure 6.1: (a) Schematic of the microcavity structure, chemical structure of MoS2 monolayer
and SEM image of the MoS2 monolayer as grown on Si/SiO2 substrate. The scale bar in the
SEM is 10 µm and the dark areas are the active MoS2 monolayers. Photoluminescence (PL)
and differential reflectivity spectra of the MoS2 monolayer.
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CVD MoS2 and transfered MoS2 was previously determined by our collaborator with Raman
spectroscopy, PL and AFM[88, 89]. Then the top spacer layer of SiO2 and top DBR was
grown via the same technique as discussed above.
The semiconducting monolayer MoS2 is a thermodynamically stable form with a trigonal
prismatic (2H-MoS2 ) phase, where each molybdenum (Mo) atom is prismatically coordinated
by six surrounding sulfur (S) atoms[40, 146]. The CVD MoS2 exhibits a crystalline structure
on various amorphous surfaces[88], and large monolayer samples can be efficiently transferred
onto the different substrates via aqueous solution transfer method[88]. To determine the
optical quality of the CVD grown MoS2 used in the MC experiments, reflectivity and steady
state PL measurements are first carried out on as-grown MoS2 samples. Results of these
measurements are shown in the Fig. 6.1 (b). The differential reflectivity (∆R/R), clearly
shows two prominent absorption peaks at 1.872 eV and 2.006 eV, identified as A and B
excitons, respectively[101, 133] and the PL spectrum shows one dominant emission peak at
1.872 eV resulting from the direct bandgap transition of exciton A (exA )[40, 88, 101, 133, 146].

6.3
6.3.1

Results and Discussion
Angle-Resolved Reflectivity

Fig. 6.2 (a) shows the reflectivity at normal incidence of the MC structure embedded
with MoS2 at two different locations. The reflectivity curve labeled as ”passive” is from
a region where there is no MoS2 layer, thus giving the bare cavity response. The cavity
resonance is at 1.875 eV with a half-width half maximum (HWHM) of ~Γcav = 9 meV
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Figure 6.2: (a) Reflectivity spectra at normal incidence for the passive spot corresponds to
the area without MoS2 monolayer (black), active spot correspond to area with (blue). (b)
Angle-resolved reflectivity spectrum for TM polarization from 7.5◦ to 30◦ , the red curves
trace the dispersion of microcavity polariton modes. For both (a) and (b), the red dashed
line represents MoS2 exA energy. Expanded views of reflectivity spectral features at 20◦ and
7.5◦ are shown in (c) and (d), respectively.
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. The cavity resonance is designed to overlap with the exA energy. The ”active” curve
corresponds to a region where there is a monolayer of MoS2 present in the cavity. The
monolayer character of this region was verified from absorption and PL measurements as
shown previously[40, 88, 101, 133, 146]. The reflectivity spectrum from the ”active” region
shows two distinct dips energetically shifted from the bare exciton and the cavity resonance
indicating the presence of new eigenstates. The whole sample size is 25mm×25mm, the
”active” region only locates at the center area of 5mm×5mm in this sample, showing very
distinct color from the surrounding ”passive” region.
To confirm the formation of polariton states in the active spot of the MC, angle-resolved
reflectivity measurements are carried out. The results are shown for TM polarization in Fig.
6.2 (b). Those for TE polarization (not shown) are almost identical. At small angles (≤ 20◦ ),
two prominent modes are observed, identified as the lower polariton branch (LPB) and the
upper polariton branch (UPB). To highlight these, the spectra at 7.5◦ and 20◦ are expanded
and shown in Fig. 6.2 (d) and (c), respectively. Two pronounced modes corresponding to the
LPB and UPB can be observed. The LPB blue-shifts with increasing angle and approaches
exA , while the UPB shifts away from exA with increasing angle. At large angle (> 20◦ ), the
LPB slowly vanishes and only the UPB is visible. The red solid lines trace the dispersion of
both branches, showing the anti-crossing around 20◦ . We did not observe any modes from
the strong coupling between the cavity photons and exB excitons, likely due to the large
negative cavity mode detuning with respect to exB energy.
Angle-resolved reflectivity is also simulated via the transfer matrix method (TMM, details
of this technique are discussed in Section 3.2.2), with a Lorentzian oscillator used to simulate
the absorption of exA based on experimental data. Given that we only observed coupling to
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Figure 6.3: (a) Calculated reflectivity contour map for the MC, color gradient represents
the reflectivity. Also shown in the same plot is the energy versus angle dispersion, extracted
from the angle-resolved reflectivity spectra. The black solid circles are the polariton mode
energies obtained from the reflectivity spectra, the horizontal blue dashed line represents
the bare exA energy, the blue dashed curve represents the cavity modes and the two blue
solid curves correspond to theoretical fit of the polariton branches via a coupled-oscillator
model. Hopfield coefficients for the microcavity polariton branches (UPB for (b) and LPB
for (c)) calculated via the coupled-oscillator model. These provide the weighting of each
constituent. The black stars correspond to the coefficients of the cavity photon and the red
spheres correspond to those of the exciton.
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exA only, the dielectric function of monolayer MoS2 is modeled by a Lorentzian oscillator:
(ω) = b +

ω02

−

f
− iΓex ω

ω2

(6.1)

where ~ω0 is the exA energy (1.87eV from the differential reflectivition spectrum in Fig.
6.1), ~Γex is the halfwidth of the exciton transition (30 meV from the PL spectrum), b is
the background dielectric function, and f is the oscillator strength. b and f are adjustable
parameters. With these assumptions, the predicted absorption coefficient α (at 1.87 eV)
is 106 cm−1 , which is consistent with reported data[101]. Refractive index of monolayer is
derived from this model and applied to the TMM with a thickness of 0.75 nm[88, 89, 146].
The simulation of the angle-resolved reflectivity color map is shown in Fig. 6.3 (a), where the
energy versus angle dispersion with fits (solid blue lines) extracted from the angle-resolved
reflectivity spectra is also overlaid.
The dispersion is fitted to a coupled oscillator model (equation (2.33)) as:
 
 

VA
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 α
Ecav (θ) + i~Γcav
  = E  

 
 

β
β
VA
Eex (θ) + i~Γex

(6.2)

p
Here the cavity mode was determined as Ecav (θ) = Eph / 1 − (sin θ/nef f )2 with cutoff
photon energy Eph and effective refractive index nef f = 1.48 based on the fact the cavity
layer has more than 99% fill fraction for SiO2 . Eex is the energy of exA . E are the eigenvalues corresponding to the energies of polariton modes. α and β construct the eigenvectors,
representing the weighting coefficients of cavity photon and exA for each polariton state,
where α2 + β 2 = 1. VA is the exciton-photon interaction potential. The eigenvalues (from
equation (2.34))are:
Eex + Ecav
~Γex + ~Γcav
E=(
) + i(
)±
2
2

r

1
VA2 − (Eex − Ecav + ~Γex − ~Γcav )2
4

(6.3)
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q
where ~ΩRabi = 2 VA2 − 14 (~Γex − ~Γcav )2 as the Rabi splitting at Eex = Ecav [125].
The reflectivity dispersion is fitted with a detuning of -40 meV and a Rabi splitting of
~ΩRabi = 46 ± 3 meV. Using the experimental halfwidths for exA (~Γex = 30 meV, extracted
from Fig. 6.1) and the cavity photon (~Γcav = 9 meV), we can deduce the light-matter
interaction potential VA = 25.3±2 meV. This results in VA2 >

~Γ2ex +~Γ2cav
,
2

a necessary condition

for the formation of strongly coupled polariton states. Based on the coupled oscillator model,
contributions from excitonic and photonic components are also calculated for both polariton
branches as shown in Fig. 6.3 (b) and (c). For small angles (< 20◦ ), the LPB is more photonlike and UPB is more exciton-like, and vice versa for larger angles (< 20◦ ), indicating the
exciton-photon mixed composition of the LPB and UPB modes in the MoS2 MC structure.
In addition, Fig. 6.4 shows the Rabi splitting in the reflectivity data for different detuning
(-60 meV) and low temperature (10K) conclusively demonstrating the formation of excitonpolaritons in this system. The spectra are similar to Fig. 6.2, but with different detunings.
The coupled oscillator model is also used to calculate the Rabi splittings with ~ΩRabi = 53±4
meV at room temperature and ~ΩRabi = 52 ± 4 meV at 10K. The dispersions for both
temperatures are consistent, since MoS2 exciton does not show an appreciable shift in energy
as a function of temperature.

6.3.2

Angle-Resolved Photoluminescence (PL)

Monolayer MoS2 supports in-plane oriented 2D excitons resulting in emission pattern that
resembles that of horizontal dipoles[129]. Angle-resolved PL measurements were carried out
at the sample spot with a detuning of -40 meV to investigate the modification of emission
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Figure 6.4: Angle-resolved reflectivity spectra at another spot showing anticrossing modes
at room temperature (RT) as (a) and at 10K as (b). The angle range is also from 7.5◦ to
30◦ , the red dashed line represent the exA , the red curves trace the reflectivity modes. The
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microcavity polariton modes. Expanded view of PL spectral features at 7.5◦ is shown in (b).
Relatively weak LPB PL peak around 1.826 eV as well as a prominent UPB peak at 1.876 eV
is observed. The PL spectrum is also fitted to multiple Lorentzian peaks to locate the exact
PL peaks positions. (c), Energy versus angle dispersion, extracted from the angle-resolved
PL spectra, agrees well with the reflectivity dispersion. The dispersion is fitted to a coupledoscillator model showing Rabi splitting of 46 meV similar to that observed in reflectivity
experiments.
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from the coupled hybrid states, using the same goniometer as in the reflectivity measurements
and device-based fibers to guide the light to the PL detection system. In PL measurements,
an Ar-ion laser (488 nm) is used as the excitation source; an objective lens, a monochromator
(Horiba iHR 320) and a CCD detector (Horiba Symphony liquid nitrogen cooled silicon CCD
detector) combination is used for the detection. The spectral resolution is of ∼ 0.3 nm. The
beam spot size is ∼ 500 µm.
The dispersion from PL shown in Fig. 6.5 (a) is similar to that in reflectivity of Fig. 6.2
and Fig. 6.3. Figure 6.5 (b) shows the PL spectrum at 7.5◦ indicating the presence of two
emission peaks corresponding to the LPB and UPB. The green and red curves are based
on multiple Lorentzian peaks based curve fitting to locate the exact peak positions. The
dispersion extracted from the peak positions is plotted in Fig. 6.5 (c), along with a fit based
on the coupled oscillator model. Excellent agreement is found between the experiment and
the model with a Rabi splitting of 46±3 meV, which is identical to that observed in the
reflectivity dispersion.
In contrast to conventional polaritonic systems where the LPB emission is strongest,
here we observe the UPB to exhibit the stronger emission. In addition, we also observe that
the UPB emission intensity increases with collection angle with the maximum around 30◦
for the specific detuning. This is in contrast to monolayer MoS2 , where the PL intensity
is maximum at normal collection angle[129]. The weak LPB emission is attributed to the
fast 2D exciton depopulation rate, which inhibits efficient scattering into LPB states[131].
Indeed, the strong UPB emission and its angular dependence can both be reproduced by
accounting only for radiative coupling between 2D excitons and the polaritonic modes.
Finite Element Method (FEM) simulations were performed with commercial software
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Figure 6.6: Simulated color map for a horizontally aligned dipole emission from the MoS2
microcavity showing modified emission dispersion as seen in the experiment. The black
circles with error bars highlight the extracted experimental PL peak positions. For reference,
the horizontal dashed line represents the exA energy, the dashed curve represents the cavity
modes and the two solid curves correspond to theoretical fit of the polariton modes. Inset
shows the emission pattern from the same horizontal dipole in the absence of the cavity
where the MoS2 is sandwiched between two SiO2 layers.
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Figure 6.7: (a), (b), and (c) are simulations using COMSOL for angle resolved PL at various
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118
COMSOL. Simulations for emission from the cavity were performed in the frequency domain for MoS2 emission spectrum. The monolayer of MoS2 is modeled as a 0.8 nm thin
dielectric layer with optical constants n and k which have been determined from absorption
measurements of monolayer MoS2 using Lorentzian oscillator model. An electric dipole is
placed in the center of the MoS2 layer with a dipole moment oriented parallel to the layer
since in the 2D monolayer the dipoles are confined to the in-plane of the layers[129]. The
simulated emission is shown in Fig. 6.6. Equivalently, the increasing intensity for larger
angles reflects the increasing photon content of the UPB. These results suggest that most
scattering mechanisms remain slow as compared to the radiative decay rates of both the
bare excitons and the polariton states.
In addition, COMSOL simulations of PL contour map on different detunings between
the cavity mode and exciton state were also carried out. At all the detunings, both PL
and reflectivity (simulated via TMM) show consistent anti-crossing features as shown in Fig.
6.7, indicating strong coupling regime all achieved. For the PL, the intensity maximum
is also shifting to larger angles as the detuning becomes larger due to horizontal dipole
emission coupled to different cavity modes. Specifically, the PL maximum at detuning of
-10 meV is around 25◦ , then it moves to around 30◦ at detuning of -25 meV, and then it is
maximized in the range of 35◦ -40◦ at detuning of -40 meV. Thus detuning is an important
parameter determining the orientation of the angular distribution of emission intensity for
such microcavities.
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6.4

Conclusion

In summary, we demonstrate for the first time strong coupling between 2D excitons and
cavity photons in a monolayer MoS2 based MC with a Rabi splitting of ~ΩRabi = 46±3 meV
at a detuning of -40 meV. Angle resolved reflectivity spectra show clear anticrossing behavior
and the formation of the lower and upper polariton branches at room temperature. Angleresolved PL shows two branch emission consistent with the reflectivity dispersion. However
the emission intensity profile is distinct from MC polariton emission seen in quantum wells,
wires and dots due to the highly anisotropic nature of the exciton orientation. The present
demonstration of the formation of MC polaritons at room temperature in the 2D materials
having large exciton binding energy, direct bandgap, and valley polarization opens up the
prospects of realizing practical polaritonic devices such as spin switches and logic gates[8].
Additionally, the possibility of controlling the exciton flow and hence that of the polaritons
via gating or doping is another interesting feature offered by the 2D excitonic systems.
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Part II
Direct Excitonic Coupling in Hybrid
Organic/Inorganic System
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We investigate hybrid nanocomposites that will lead to hybrid excitonic states having
enhanced nonlinear optical properties. Specifically, we realize such hybrid excitonic states
through dipole-dipole interaction at the organic inorganic interface. In this part we establish
Förster resonant energy transfer between organic layer 3,4,7,8 naphthalene tetracarboxylic
dianhydride (NTCDA), and inorganic ZnO nanowires and study the optical nonlinearity in
this system.
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Chapter 7

Optical Nonlinearity of ZnO−NTCDA
Hybrid Nanocomposites
Hybridization of organic and inorganic materials by taking on the advantages of the two
systems is a powerful strategy for developing optoelectronic materials with unprecedented
properties. Here we report enhanced optical nonlinearity in hybrid nanocomposites of ZnO
nanowires (NWs), and the 3,4,7,8 naphthalene tetracarboxylic dianhydride (NTCDA). ZnO
nanowires were firstly grown on Si substrate by chemical vapor deposition, and removed into
ethanol solution by sonication, and finally spin-coated onto Si or quartz substrates. NTCDA
with various thicknesses was then deposited on top of ZnO nanowires by thermal evaporation. Förster resonant energy transfer (FRET) between the two systems was established
via photoluminescence measurements. The nonlinear optical absorption coefficients were
extracted from the open-aperture Z-scan measurements in two-photon absorption regime.
The results show a non-monotonic modification in the nonlinear absorption in the hybrid
composite with increasing NTCDA thickness. This is attributed to competition of FRET
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from ZnO to NTCDA resulting in more available exciton states and decrease of effective
exciton scattering in ZnO.

7.1

Introduction

The possibility to engineer the nonlinear optical response is highly attractive to realize
efficient nonlinear hybrid excitonic systems. Two models are conventionally used to classify excitons: one is the small-radius Frenkel exciton with large oscillator strength usually
found in organic materials, and the other large-radius Wannier-Mott exciton with small oscillator strength found in inorganic materials. It was predicted theoretically by Agranovich
that hybrid excitonic states can be realized through the dipole-dipole interaction of both
excitons[5, 6, 42].
Recently there has been some reports on hybrid nanocomposites to study the energy
resonances between these two excitons. Nonradiative resonance energy transfer in a hybrid structure with an organic overlayer was experimentally studied using ZnO quantum
wells[20] and using InGaN quantum wells[59]. Efficient energy transfer between the organics
and semiconductor quantum dots in both directions was experimentally demonstrated[167].
Recent studies showed that the energy transfer efficiency was also found to be assisted by
the diffusion of the excitons[12, 136], as well as on exciton dimensionality[122]. In addition,
there are also experiments on semiconductor quantum dots arrays embedded in an organic
matrix on the enhancement of the two-photon absorption[51, 52]. Yet there has not been
any detailed investigation of the nonlinear optical properties of such hybrid systems with
energy transfer between organic and inorganic constituents. This chapter will address this
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aspect through fabrication of such structures and investigating their linear and nonlinear
optical properties.
ZnO material system has garnered attention due to its large direct bandgap energy of
3.37 eV and relatively large exciton binding energy of 60 meV[107]. Nanowires (NWs) have
shown high radiative efficiency[111], linearly polarized emission[64] and narrow stimulated
emission[33]. Forrests group showed Naphthalene tetracarboxylic dianhydride (NTCDA) to
be an ideal material system to observe excitonic effects at room temperature[60] and have
previously demonstrated optical microcavities containing both organic and inorganic semiconductors, in which spatially separated Frenkel and Wannier-Mott excitons simultaneously
strongly couple to a single common cavity mode to form hybrid excitonic states[61]. NTCDA
will be grown on the aligned ZnO nanowires by organic vapor phase deposition (OVPD),
which is particularly effective in generating planar layers that fill preexisting voids and other
surface non-uniformities on the substrate[157].

7.2

Sample Preparation

The ZnO NWs, with a diameter 200-400 nm and a length of 1-3 µm, were originally
grown on Si substrate by chemical vapor deposition (CVD)[99], and then removed from
the substrate by sonication in ethanol solution[163]. It has also been shown that inorganic
nanowires can be densely aligned using the Langmuir-Blodgett (LB) technique[77, 152].
Preliminary efforts at aligning using LB technique did not yield dense nanowire assembly and
hence we used spin coating. The latter technique yielded much higher density of nanowires
although they were not aligned. The SEM images of the ZnO NWs as grown on Si by CVD
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(a)

(b)

(c)

(d)

Figure 7.1: SEM images of (a) ZnO nanowires as grown on Si substrate and (b) ZnO
nanowires spincoated on Si substrate. AFM images of (c) 97 nm NTCDA on quartz substrate
and (d) 97 nm NTCDA on spincoated ZnO nanowires on quartz substrate
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and spincoated nanowires of nanowires solution are shown in Fig. 7.1.
NTCDA films with thicknesses of 20-100 nm were deposited by vacuum thermal evaporation pressure < 5 × 10−7 Torr[46]. The film thickness was monitored by a quartz crystal
microbalance and individually verified by ellipsometry on a control film grown on Si substrate. Since NTCDA films are easily lifted off by organic solvents, ZnO nanowires were
deposited first and then the NTCDA films were grown. The AFM images of 97 nm thick
NTCDA and NTCDA with the same thickness on top of the spincoated nanowires are shown
in Fig. 7.1 (c) and (d). In this work, samples with thicknesses of 20 nm, 35 nm, 62 nm and
97 nm NTCDA films on the same amount of ZnO NWs are studied for the energy transfer
and optical nonlinearity in this system.

7.3

Results and Discussion

NTCDA was previously shown to have the absorbance peaks at the 3.19±0.05 eV (or
389±6 nm) from the 0-0 transition and 3.39±0.05 eV (or 366±5 nm) from the 0-1 transition[60].
And in resonance, ZnO was also claimed for a major free exciton A absorption around 3.378
eV (367nm) convoluted with higher continuum states at room temperature [107]. Optical
absorption measurements were first performed on the pure ZnO NWs, pure NTCDA films
and hybrid systems. In Fig. 7.2, the absorbance of NTCDA peaks at 367 nm (3.38 eV) and
389 nm (3.19 eV) for the 0-0 and 0-1 transitions, respectively. The absorbance increases
monotonically with the amount of NTCDA materials, in terms of the film thicknesses. In
comparison with NTCDA films, the absorption spectrum of ZnO NWs is very flat and shows
negligible absorbance around the exciton resonance energy (3.378 eV), likely due to small
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absorption cross section. In addition, for the hybrid samples of ZnO NWs and NTCDA, the
absorption spectra are almost identical to those of the corresponding pure NTCDA films,
due to very small absorbance of ZnO in the system.
2.0
ZnO
97 nm NTCDA
ZnO+97 nm NTCDA
62 nm NTCDA
ZnO+62 nm NTCDA
35 nm NTCDA
ZnO+35 nm NTCDA
20 nm NTCDA
ZnO+20 nm NTCDA

Absorbance

1.5

1.0

0.5

0.0
300

350

400

450

500

Wavelength (nm)
Figure 7.2: Absorption spectra of all the hybrid samples including NTCDA films with four
different thicknesses grown on spincoated ZnO NWs. For reference, absorption spectra of the
pure NTCDA films with corresponding thicknesses and pure ZnO NWs on quartz substrates
are also shown here.

7.3.1

Energy Transfer Between ZnO and NTCDA

Since there is no direct evidence that there is interaction between ZnO and NTCDA,
PL measurements are carried out to investigate the possibilities of energy transfer. All the
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samples are excited by a He-Cd laser at the wavelength of 325 nm, which is at the higher
absorption continuum states beyond the ZnO and NTCDA exciton energies. In Fig. 7.3 (a),
PL spectra of the hybrid sample with 62 nm NTCDA and corresponding reference samples
show enhanced emission in the hybrid sample. Although the absorption for ZnO and NTCDA
at 325 nm is not very large, the PL spectra shows appreciable intensities for both emission

(a)

(b)

62nm NTCDA absorption
62nm NTCDA PL
62nm NTCDA+ZnO NWs PL
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Figure 7.3: (a) Absorption spectrum of 62 nm NTCDA and photoluminescence (PL) spectra
of the samples consisting of 62 nm NTCDA with/without ZnO NWs on quartz substrate,
and PL of ZnO NWs. (b) Normalized PL of the ZnO - NTCDA hybrid samples on quartz
substrate with various NTCDA thicknesses. Inset is integrated PL (at the range of 385 to
430 nm which corresponds to the NTCDA 0-0 and 0-1 transitions) of the hybrid samples as
a function of NTCDA thickness.

transitions, respectively. The other peak at 452 nm is probably due to the aggregates in the
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NTCDA films. On the other hand, ZnO shows one much weaker peak at 381 nm due to the
near band-edge emission. For reference, the absorption spectrum of NTCDA is also shown
here, where absorption of NTCDA peaks at the emission maximum of ZnO nanowires, thus
obtaining a large spectral overlap. Thus, one can expect the weak coupling between Frenkel
(NTCDA) and Wannier-Mott (ZnO) excitons in the hybrid samples of these two materials
through Förster resonant energy transfer (FRET) to be efficient. In the hybrid sample, the
peaks due to the 0-0 and 0-1 transitions are largely enhanced while the peak at 381 nm
due to the ZnO band-edge emission is suppressed, indicating FRET occurring from ZnO to
NTCDA.
To observe the PL enhancements of all the studied samples, PL comparisons between
hybrid samples and NTCDA samples are shown in Fig. 7.3 (b). As the thickness increases,
the PL is more enhanced. The integrated PL increase as a function of NTCDA thickness is
also shown in the inset of Fig. 7.3 (b), where the increase tends to saturate at larger thickness.
The saturation of PL increase can be attributed to two aspects: i) With increasing materials
for the acceptor but limited materials for the donor in the FRET, the energy transfer also
tends to saturate. ii) The distances between excitons are the most critical parameter in
FRET (see section 2.2.1), requiring the ZnO excitons to be very close to NTCDA excitons,
(< 10 nm), which can generally be satisfied for most of the studied system. However, when
the thickness of NTCDA increases, the average distance between NTCDA and ZnO is also
larger, which would decrease the FRET efficiency. This also contributes to the saturation
feature of the FRET in these studied systems.

130

7.3.2

Two-Photon Absorption
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Figure 7.4: (a) Open-aperture Z-scan measurements of pure ZnO NWs along with theoretical
fit. Also shown is the measurement on 97 nm NTCDA indicating no two-photon absorption
(TPA) for the thicknesses explored here. (b) Open-aperture Z-scan measurements on the
hybrid samples showing maximum TPA in the composite consisting of 35 nm NTCDA.
Inset: Estimated nonlinear absorption coefficient as a function of NTCDA thickness showing
maximum enhancement at 35 nm.

Since there is no linear absorption for both ZnO NWs and NTCDA films at wavelength
greater than 450 nm, Z-scan measurements were carried out using a femtosecond laser with
an averaged power of 0.2 mW at 640 nm where all the absorption is due to two-photon
absorption, a pulse duration of 125 fs, a beam waist radius of ∼ 40 µm at the focal point
and a repetition rate of 1 kHz (more details of Z-scan setup are discussed in Section 3.6), to
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determine the nonlinear absorption coefficients of the system.
The nonlinear absorption coefficients can be estimated by fitting the open-aperture normalized transmittance to equation (3.16a) for the ’thin’ sample measurements. The ’thin’
sample requires the sample thickness L (in nm scale) is much smaller than the diffraction
length of the beam Z0 (in mm scale)[130], which is satisfied in our measurements. For the
real data analysis, it is not necessary to expand equation (3.16a) to the m = ∞ since the
terms of m > 5 are generally small perturbation terms unless the nonlinear absorbance q0 is
giant (where T (Z) > 50%). If we expand the equation (3.16a) to m = 7, the fitting equation
becomes:

T (Z) = 1 −

q02
q03
q0
+
−
(1 + Z 2 /Z02 )23/2 (1 + Z 2 /Z02 )2 33/2 (1 + Z 2 /Z02 )3 43/2

q04
q05
q06
q07
+
−
+
−
(1 + Z 2 /Z02 )4 53/2 (1 + Z 2 /Z02 )5 63/2 (1 + Z 2 /Z02 )6 73/2 (1 + Z 2 /Z02 )7 83/2
(7.1a)
q0 = βILef f

Lef f =

1 − e−αL
α

Z0 =

πw02
λ

(7.1b)

where α, β are the linear and nonlinear absorption coefficients, respectively; I is the irradiance of the laser source, w0 is the waist radius of the focused laser beam, λ is the laser
pumping wavelength.
The results of the open aperture Z-scan measurements are shown in Fig. 7.4, and the
fitting results are listed in Table 7.1. While pure ZnO NWs show two photon absorption
(TPA) coefficient of 864 cm/GW, pure NTCDA has no nonlinear absorption for the thickness range (10-100 nm) studied here, as shown in Fig. 7.4 (a). For thinner NTCDA films
(∼ 40 nm) deposited on top of ZnO NWs, the TPA coefficient is enhanced and up to a
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Table 7.1: Two photon absorption coefficients fitted from Z-scan measurements

ZnO NWs

ZnO NWs +

ZnO NWs +

ZnO NWs +

ZnO NWs +

20 nm NTCDA

35 nm NTCDA

62 nm NTCDA

97 nm NTCDA

β (cm/GW)

β (cm/GW)

β (cm/GW)

β (cm/GW)

β (cm/GW)

863.65±8.65

1768.44±11.93

2758.21±13.42

676.43±17.81

483.53±14.78

maximum of 2758.21 cm/GW at 35 nm NTCDA. However, beyond this critical thickness,
the TPA coefficient is reduced and even approaches values below that of pure ZnO NW. The
experimentally observed Z-scan transmission spectra and the non-monotonic dependence of
the nonlinear absorption coefficient of the hybrid samples are shown respectively, in Fig. 7.4
(b) and the inset of Fig. 7.4 (b).
The physical mechanism behind the nonlinear optical absorption of ZnO nanowires
is primarily exciton-exciton scattering (phase-space filling effect, exchange and collisional
broadening)[5, 6]. Excitons in pure ZnO, possessing large Bohr radius and small saturation
density, undergo exciton scattering effectively leading to appreciable two-photon absorption
and thus a moderate optical nonlinearity, while tightly-bound NTCDA excitons do not interact strongly. In the hybrid system, below a critical NTCDA thickness, the FRET process
from ZnO to NTCDA results in additional available states for nonlinear absorption within
ZnO, contributing to the increase of the optical nonlinearity. With increasing NTCDA thicknesses, the coverage of NTCDA over ZnO NWs becomes complete and the energy transfer
process tends to reach saturation based on the saturation of the PL increase. This reduces
the overall number of ZnO excitons available for effective scattering, and as a result the non-
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linear absorption of the system decreases below that of pure ZnO NWs. The non-monotonic
dependence of the optical nonlinearity can be understood as a result of the competition
between energy transfer and exciton scattering.

7.4

Summary and Outlook

In summary, the energy transfer is demonstrated in the resonant ZnO-NTCDA system.
The energy transfer depends on the thickness of NTCDA, where it saturates at larger thickness due to the decrease of FRET efficiency of too large exciton-exciton distance. Because of
the dependence of thickness, the optical nonlinearity shows a maximum at an optimal thickness of 35 nm, which is likely due to the competition between energy transfer and exciton
scattering.
To further investigate the relation between energy transfer and optical nonlinearity, deposition of more uniform and denser distribution of ZnO NWs is probably helpful to characterize
the system. Although the lifetimes of ZnO and NTCDA are both very fast, time-resolved
PL (or transient absorption) measurements are needed to quantitatively build up the energy
transfer model in this system. Both open- and closed-aperture Z-scan measurements are
required to derive the nonlinear susceptibility χ(3) . This ZnO-NTCDA system provides a
ideal test bed for studying the optical nonlinearity in the hybrid organic/inorganic systems,
which promise various applications in the all-optical devices like optical-switches.
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Part III
Strong Light-Matter Interaction in
Metal-Semiconductor System
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Surface plasmon polaritons (SPP), trapped electromagnetic surface modes at the interface
between a metal and a dielectric, carry significant potential for guiding and manipulating
light on the nanoscale[135]. In addition, SPP are generally coherent charge oscillations which
have optical frequencies comparable to the those of visible light in free space[118]. Thus,
the interactions between SPP and excitonic systems have been attracting intense research
efforts for the applications such as all optical switching and information processing based on
their spatial coherency[56] and ultrashort timescale[144]. In this part, the strong interaction
between organic dye excitons and silver (Ag) thin film SPP is studied and the possibility
of engineering this interaction for the energy transfers in metal-semiconductor system is
discussed.
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Chapter 8

Strong Coupling Between
Surface-Plasmon Polaritons and Dye
Molecules
The strong coupling between surface plasmon polaritons (SPP) and excitons result in
hybrid eigenstates that are quantum superpositions of each component. Experimentally,
it is usually identified via observations of an anticrossing in the dispersion relation. In
this chapter, we study the SPP modes on e-beam evaporated Ag thin films (∼45 nm) via
angle resolved reflectivity measurements in the Kretschmann geometry. With large oscillator
strengths in organic rhodamine dye excitons, we are also able to investigate strong coupling
between SPP and excitons upon adding a thin spin-coated Rhodamine 610 onto the Ag film.
The coupled oscillator model and transfer matrix method (TMM) are used to interpret the
underlying physical mechanisms. In addition, another dye molecule Rhodamine 6G, which
could be coupled to Rhodamine 610 as a FRET pair, is also demonstrated to strongly couple
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to the SPPs. The possibility of conducting the energy transfer via the strongly coupled
exciton-SPP polaritons is discussed.

8.1

Introduction

SPP results from a surface electromagnetic wave that is coupled to the free electrons and
bound to the interface between the metal and the dielectric. SPP features stronger confined
electric fields and can therefore efficiently interact with molecules or semiconductors close
to metallic interfaces[118, 135]. The interactions between SPP and active excitonic system
were reported to modify the emission patterns, intensity and radiative decay rates[11, 80,
148] . If exciton and SPP are in resonance and the interaction rate becomes faster than
the average dissipation rates of exciton and SPP, the system would reach strong coupling
regime, where new quantum states are formed with dispersion anti-crossing the excitonSPP degenerate states. The strong coupling regime offers an interesting perspective of
combining complementary properties of excitons and SPP. Recently, localized SPP at nanofeatured metallic systems with specific dispersions was reported to strongly couple to organic
molecules[39, 137]. More importantly, the delocalized SPP at plain metal thin films was also
reported to reach strong coupling regime within various disordered material systems such
as organic materials[56, 58, 113, 144] and semiconductor quantum dots[55], promising a
large flexibility in nano-structures and the material systems for the investigations of strong
coupling regime.
Mediated by SPP on a metallic thin film, efficient energy transfer between donor and
acceptor molecules on opposite sides of metal films has been demonstrated[10]. However,
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the interaction in this systems is still categorized in the weak coupling regime, where only
the non-radiative rates of excitonic systems are modified. On the other hand, in the strong
coupling regime, the newly formed polariton states were monitored to result from ultrafast
Rabi oscillations in the femtoseconds range[144]. In addition, the emission from the newly
formed polariton states was observed to possess the spatial coherence[56]. If the donor and
acceptor molecules are placed to the same metallic thin film and both molecules can strongly
couple to the SPP, it is promising the energy transfer could be very efficient via the ultrafast
Rabi oscillations and more interestingly the emission of the acceptor after transfer could be
coherent inherited from the strongly coupled polaritons. In this work, two different molecules
are separately shown to reach strong coupling regime within the same metallic system, and
the possibility of manipulating the energy transfer in this system is also discussed.

8.2

Sample Preparation

The sample structure is shown in Fig. 8.1 (a), consisting of a germanium (Ge) wetting
layer, a Ag metallic film and a Rhodamine dye layer on a glass substrate. Planar Ag thin
films supports the SPP that is in resonance of many active dye molecules in the visible
range. For the fabrication of smooth plain Ag films, a 2 nm Ge film was first deposited
onto a glass slide via e-beam evaporator to prevent the percolation of thin Ag films, where
inter-connected nano-islands are formed[24]. Then ∼ 45 nm Ag film was deposited after this
wetting layer. The growth thickness of thin films was monitored by the thickness crystals
in the evaporator and finally determined by the AFM. The roughness of the Ag films is ∼ 1
nm from the AFM. The surface of the Ag films was also examined by the SEM as shown in
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Fig. 8.1 (b), which on the other hand confirms the surface smoothness.
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Figure 8.1: (a) Schematic of the sample structure. (b) SEM on the surface of Ag thin
film deposited after the Ge wetting layer. (c) Absorption spectra of both rhodamines to
determine the exciton energies.

Rhodamine dyes are a group of very luminescent organic molecules whose absorption and
emission range over the visible range. Rhodamine 610 (R610) and Rhodamine 6G (R6G)
are chosen as active excitonic systems in resonance with the Ag SPP. The rhodamines are
separately dissolved into ethanol solutions with a concentration of 5 mg/mL. The rhodamine
solutions are then spin-coated on top of the Ag thin films with a thickness ranging from 10-50
nm. The absorption spectra of R610 and R6G are shown in Fig. 8.1 (c), where there are
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two major peaks at ∼ 2.10 eV and ∼ 2.30 eV for R610, two peaks at ∼ 2.23 eV and ∼ 2.39
eV for R6G.

8.3

Results and Discussion

Angle-resolved reflectivity measurements at TM polarization on the Ag thin film and
the sample structures as in Fig. 8.1 (a) were carried out to probe the SPP modes and the
strong coupled polariton states. All the measured samples were mounted using Kreschmann
geometry (see more details in Section 2.5.2) due to all the modes bound to the metallic
interface. The excitation and detection of the reflectivity are the same as that used in the
microcavity reflectivity measurements (details of the setup is discussed in Section 3.4).

8.3.1

Surface Plasmon Modes of Ag Thin Film

Angle-resolved reflectivity spectra of Ag thin film are shown in Fig. 8.2 (a), where there is
a major reflectivity dip initially around 2.28 eV blue-shifting with increasing angle showing
the typical signature of SPP modes of Ag thin films. To better understand the observed
modes, transfer matrix method (TMM) is used to simulate the reflectivity spectra of Ag
thin films, with determined refractive indices and thicknesses of each layer in the structures.
The refractive index of Ag thin film can be calculated from the dielectric function, which is
derived from the Lorentz-Drude (LD) model (more details of LD model in Section 2.5.1) with
the empirical parameters from the Ref. [119]. The thickness of 45 nm of Ag is measured from
the profilometer and AFM. The Ge wetting layer is neglected in the calculation due to very
small thickness. With known refractive index of the prism in the Kretschmann geometry,
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the calculated spectra show good agreements with the experimental spectra, as shown in
Fig. 8.2 (a).
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Figure 8.2: (a) Angle-resolved reflectivity spectra on the 45 nm Ag thin film from measured
data (red circles) and calculation via transfer matrix method (TMM) (solid curves). (b)
Dispersions of Ag thin film extracted from measured reflectivity and TMM calculation,
fitted with the SPP dispersion.

The dispersions of the reflectivity minima are then extracted from the measured and
TMM calculated data, as shown in Fig. 8.2 (b). Since the incidence angle is one-to-one
correspondent to the in-plain wavenumber (kx = β = k sin θ), the horizontal axis of dispersion
q
2
plot is converted to β. Based on the dispersion equation (2.49) β = ωc 11+
where 1 ≈ 1
2
is the dielectric constant for the air and 2 is the calculated dielectric function for Ag from
the Lorentz-Drude model[119], the SPP dispersion is fitted well with the experimental and
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TMM calculated dispersions as shown in the solid line of Fig. 8.2 (b).

8.3.2

Strong Coupling Regime in Ag-Rhodamines Systems

When the rhodamine dyes are spin-coated onto the Ag film, the metal-dielectric interface
is changed as well, resulting in the change of SPP modes. Since the Ag-only thin film shows
the SPP from the interface between the air and metal, SPP from the metal-rhodamine interface will red-shifts the dispersion since the the dielectric function can no longer approximate
to the vacuum dielectric constant (1 6= 1 for equation (2.49)). In Fig. 8.3 (a), the measured
angle-resolved reflectivity spectra for R610 show three modes for each angle. All modes are
all blue-shifting with increasing angle and the first two lower modes are eventually vanishing
when they are getting close to the exciton energies. These are the signature of strong coupled
polaritons with anti-crossing dispersion. Similarly TMM calculations are also carried out,
where the refractive index of Ag is obtained from the previous section and the refractive
index of R610 is calculated from the dielectric function based on the Lorentzian oscillator
function as:
(ω) = b +

ω12

f2
f1
+
2
− ω 2 − iΓ1 ω ω2 − ω 2 − iΓ2 ω

(8.1)

where ~ω1 and ~ω2 are the exciton energies (2.10 eV and 2.30 eV from the absorption
spectrum in Fig. 8.1), ~Γ1 and ~Γ2 are the linewidths of the exciton transitions from the
absorption spectrum (145 meV and 395 meV for the 2.10 eV and 2.30 eV, respectively), b
is the background dielectric function, and f1 and f2 are the oscillator strengths of the two
excitons. b and f1 and f2 are adjustable parameters.
Assuming the thickness of 35 nm for spin-coated R610, the TMM calculated spectra show
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Figure 8.3: (a) Angle-resolved reflectivity spectra on the sample of R610 deposited on the
45 nm Ag thin film, from measured data (red circles) and calculation via transfer matrix
method (TMM) (solid curves). (b) Dispersions of the 45 nm Ag + R610 (blue circles)
extracted from measured reflectivity overlaid with the TMM calculated reflectivity color
map. The two dotted lines represent the two exciton energies, the dotted curve corresponds
the pure surface plasmon mode without coupling. The three red solid curves represent the
fitted polariton branches. The dispersion fitted with coupled oscillator model involving the
SPP and two excitons. Two Rabi splittings of 468 meV and 495 meV are obtained.
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good agreements with the experimental data, especially the consistency in the dispersions
of measurements and TMM calculation. The experimental dispersion is then extracted from
the measured reflectivity minima, and overlaid on the contour reflectivity map from the
TMM calculation, where the experimental dispersion seems to ideally trace all the TMM
modes. Obviously the dispersion shows three anti-crossing branches, labeled as lower polariton branch (LPB), middle polariton branch (MPB) and upper polariton branch (UPB),
demonstrating the strong coupling between excitons and SPP is reached in this system. A
coupled oscillator model is then used to fit the dispersion of these branches, similarly to that
in the microcavity system. With the calculated SPP mode from the equation (2.49), the
Rabi splitting between the UPB and MPB is fitted to be 468 meV and that between MPB
and LPB is 495 meV. Both splittings are greater than any linewidth of the SPP and excitons,
satisfying the necessary conditions for the strong coupling regime where ~ΩRabi >

2 +γ 2
γex
SP P
2

.

Here the γex and γSP P are the halfwidths of the exciton and SPP, respectively.
In addition, another rhodamine dye R6G is also spincoated to another 45 nm Ag film.
Similarly to R610 with Ag film, in the angle-resolved reflectivity measurements, three modes
at each angle are observed to blue-shift with increasing angle and anti-cross to each other,
as shown in Fig. 8.4 (a). Thus it indicates the strong coupling regime is also reached in
this sample. The dispersion is then extracted from the reflectivity and fitted to a coupled
oscillator model and Rabi splittings of 357 meV and 404 meV, as shown in Fig. 8.4 (b).
Based on these two samples, rhodamine dyes are promising candidates to study the
strong-coupling regime in the metal-semiconductor systems. In addition, because of the
existence of two exciton states in these dye molecules, they are also expected as an ideal
test bed for the study of energy transfers[58]. Though dye molecules are very luminescent,
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probing the emission information from the strong coupled polaritons is still very difficult due
to three aspects: i) the polaritons are largely confined to the interface, thus out-coupling
of the emission from the bound SPP is still quite inefficient. ii) the photo-bleaching of
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Figure 8.4: (a) Measured angle-resolved reflectivity spectra on the sample of R6G deposited
on the 45 nm Ag thin film. The two red dashed lines represent the two exciton energies
(b) Dispersions of the 45 nm Ag + R6G (blue circles) extracted from measured reflectivity.
The two dotted lines represent the two exciton energies, the dotted curve corresponds the
pure surface plasmon mode without coupling. The three red solid curves represent the fitted
polariton branches. The dispersion fitted with coupled oscillator model involving the SPP
and two excitons. Two Rabi splittings of 357 meV and 404 meV are obtained.

rhodamine dyes makes the emission signals unstable, although this issue could be alleviated
by choosing a pulsed excitation source at a preferable power range. iii) the dynamics of
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the polaritons inherited from the SPP is very complicated, involving the propagation speed
(effective coherent propagation length)[56], dissipation, scattering process[58] and energy
transfer[10, 58]. All the dynamics happens in a very short time scale, making it hard to
distinguish these processes from the weakly detected emission signals. For the current work,
efforts are still underway to probe the angle-resolved PL to investigate the dynamics in these
strongly-coupled systems.

8.4

Summary and Outlook

In summary, SPP in Ag thin films are experimentally demonstrated and interpreted
with theoretical models. Strong coupling regime of SPPs in Ag thin film and excitons in
two different rhodamine molecules is observed with giant Rabi splittings. Underway efforts
are also carried out to probe informative emission signals from these systems. Meanwhile,
since different dye molecules are able to be simultaneously coupled to similar SPP modes
in the metallic thin films, it highly promises a hybrid system with donor and acceptor dye
molecules within the same metallic system. This great possibility leads to the manipulation
of the energy transfer between two kinds of resonant delocalized excitons when they couple
to the same coherent SP modes, creating spatially coherent hybridized states over a macroscopic distance mediated by strong coupling and hence demonstrating applications in light
harvesting systems such as solar cells and photo-detectors.
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Chapter 9

Thesis Summary and Outlook for
Future Research

9.1

Thesis Summary

In this work, light-matter interactions have been investigated in the strong-coupling and
weak-coupling regimes via various microcavity systems, organic/inorganic nanocomposites
and plasmonic nanostructures. In particular, the thesis has looked into three parts: 1. strong
exciton-photon coupling in the microcavity systems; 2. weak exicton-exciton coupling the
hybrid organic/inorganic nanocompsites and 3. strong exciton-plamon coupling in metalsemiconductor systems.
1. Strong coupling regime in microcavity systems:
(a) Strong coupling regime is observed at room temperature in a ZnO nanoparticles-based
microcavity system. Due to the large binding energy of ZnO excitons, the characteristics
of strongly coupled polaritons from Wannier-Mott excitonic systems are probed at room
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temperature. The easiness of fabricating ZnO nanoparticles thin films and the consistent
integrity of the excitonic properties offer an alternative convenient accessibility to the inorganic semiconductor microcavity system. Moreover, stimulated polariton emission is also
observed in this system, promising a practical polaritonic laser at room temperature.
(b) Via strongly coupling to the same microcavity photon states, Frenkel and WannierMott excitons are hybridized in the polaritonic form in a hybrid ZnO-NTCDA microcavity
system. Due to the degeneracy of ZnO and NTCDA excitons, the hybrid polaritons from
upper and middle branches take uniform contributions from the Frenkel and Wannier-Mott
excitons, independent of the k-space. Such hybrid degenerate systems opens up a promising
pathway to nonlinear devices with engineered optical properties.
(c) Two-dimensional (2D) excitons emerge as new type of excitons in the monolayer
transition metal dichalcogenides (TMDs). These 2D excitons not only have large oscillator
strengths and robust binding energies, but also possess a novel intrinsic property of valley
polarization due to the degeneracy in the valence band. The strong coupling between 2D
exciton and microcavity photon is demonstrated for the first time in this work. Unconventional emission is also observed in the angle-resolved PL spectra. The demonstration of these
2D polaritons leads to the prospects of realizing practical polaritonic devices such as spin
switches and logic gates.
2. Direct exciton-exciton coupling in hybrid organic-inorganic systems: Resonant energy transfer in ZnO nanowires (NWs)/NTCDA systems are demonstrated. The coupling
between Frenkel and Wannier-Mott excitons via the energy transfer brings up an efficient
pathway to take advantages from each exciton. In addition, the optical nonlinearity, characterized via Z-scan measurements, is observed to strongly depend on the energy transfer
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process, introducing the possibility of engineering the optical nonlinearity via manipulating
the excitonic coupling.
3. Strong exciton-plasmon coupling in metal-semiconductor systems: Strongly coupled
exciton-plasmon polaritons are observed with giant Rabi splittings in systems where rhodamine dyes are spincoated to Ag thin films. Two different dyes with resonant exciton
energies are separately demonstrated in the strong coupling regime in similar plasmonic
systems, indicating the possibility of manipulating the energy transfers between resonant
excitons through strongly coupled polaritons in a hybrid metal-semiconductor system.

9.2
9.2.1

Outlook for Future Research
ZnO Nanoparticles Based Polariton Laser

Most of the ZnO polariton lasers realized at room temperature[32, 57, 57, 90, 98, 106] are
based on bulk crystalline ZnO, which generally asks for sophisticated fabrication technique
to keep the integrity in the optical property. ZnO nanoparticles (NPs) shown in this work
are a convenient substitute for the room-temperature polariton laser and a flexible option
for various polaritonic devices.

9.2.2

Hybrid Frenkel-Wannier-Mott Polaritons Based Optical Switches

The dynamics of hybrid polaritons between different branches in a Frenkel polaritons
is just reported for biological imaging applications[31]. The dynamics of hybrid FrenkelWannier-Mott polaritons is a fascinating minery, which deserves further investigations on the
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energy exchange, polariton propagation dynamics, spatial coherence of polariton emission,
engineered net gain of the polariton lasing and efficient optical nonlinear responses. Since
the hybridization of Frenkel-Wannier-Mott polaritons is predicted to enhance the optical
nonlinearity[4, 6], the study of dynamics in hybrid Frenkel-Wannier-Mott polaritons would
push forward to the applications of optical switches.

9.2.3

Two-dimensional (2D) Polaritonic Circuits

2D excitons from monolayer TMDs were recently demonstrated with unique valley polarization and promise as new form of quantum information[156]. Polaritons are also predicted
to be highly polarized above the condensation threshold[8, 38]. The 2D polaritons open up
the prospects of realizing practical polaritonic circuits.

9.2.4

Light-harvesting Systems Based on Metal-Semiconductor systems

The interaction between surface plasmon and excitons in the strong coupling was demonstrated to be ultrafast [144] and spatially coherent[56]. Investigating strong coupling regime
in a hybrid metal-semiconductor system with both donor and acceptor molecules promises
novel and efficient light-harvesting systems such as photo-detectors and solar cells.
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Appendix

A

List of Conference Presentations, Conference Proceedings and Journal Publications

A.1

Conference Presentations

1. Conference for Laser and Electro-optics (CLEO) 2014, San Jose, CA.
(a) Oral Prensentation: Stimulated polariton emission from ZnO-nanoparticles based
microcavity
(b) Postdeadline Oral Prensentation: Strong light-matter coupling in atomic
monolayers
2. IEEE 2014 Summer Topicals, Montreal, QC, Canada.
(a) Oral Presentation: Light emission from atomic monolayers in a one-dimensional
microcavity (Nominated for the Best Paper Award)
3. CLEO 2013, San Jose, CA.
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(a) Oral Prensentation: Room temperature formation of microcavity polaritons in
ZnO nanoparticles
(b) Oral Prensentation: Formation of hybrid polaritons in an organic-inorganic microcavity at room temperature
(c) Poster Presentation: Enhancing optical nonlinearity through engineered exciton
coupling in organic-inorganic nanocomposites
4. Materials Research Society (MRS) 2012 Fall conference, Boston, MA.
(a) Oral Prensentation: Observation of strong exciton-photon coupling in ZnO nanoparticle based dielectric microcavity at room temperature
(b) Poster Presentation: Enhanced Optical Nonlinearity of ZnO NTCDA Hybrid
Nanocomposites
5. MRS 2010 Fall conference, Boston, MA.
(a) Poster Prensentation: Group IV Nanocrystals for Silicon Photovoltaics

A.2

Conference Proceedings

1. Liu, X., Appavoo, K., Sfeir, M. Y., Kna-Cohen, S., & Menon, V. M., Stimulated polariton emission from ZnO-nanoparticles based microcavity. In CLEO: 2014, (FTh5A.5).
San Jose, California: Optical Society of America.
2. Liu, X., Galfsky, T., Xia, F., Lin, E.-c., Lee, Y.-H., Kna-Cohen, S., & Menon, V. M.,
Strong light-matter coupling in atomic monolayers. In CLEO: 2014, (STu2O.2). San
Jose, California: Optical Society of America.
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3. Liu, X., Zhang, Y., Slootsky, M., Forrest, S. R., & Menon, V. M. (2013). Enhancing
optical nonlinearity through engineered exciton coupling in organic-inorganic nanocomposites. In CLEO: 2013 (p. JW2A.20). San Jose, California: Optical Society of
America.
4. Liu, X., Goldberg, D., Menon, V. M., Room temperature formation of microcavity
polaritons in ZnO nanoparticles. In CLEO: 2013 (CW3O.5). San Jose, California:
Optical Society of America.
5. Slooksky, M., Liu, X., Forrest, S. R., Menon, V. M., Formation of hybrid polaritons
in an organic-inorganic microcavity at room temperature. In CLEO: 2013 (QM3D.7),
San Jose, California: Optical Society of America. (equally contributed first authors).
6. Liu, X., Saini, S., Vanhoutte, M., Bakalis, J., Yau, W., Eshed, A., Kimerling, L. C.,
Pervez, N., Kymissis, I., Wong, C. W. (2011). Group IV Nanocrystals for Silicon
Photovoltaics. MRS Online Proceedings Library, 1305, 16.

A.3

Journal Publications

1. Liu, X., Appavoo, K., Sfeir, M. Y., Kna-Cohen, S., & Menon, V. M., Stimulated
polariton emission from ZnO-nanoparticles based microcavity. (in preparation)
2. Liu, X., Galfsky, T., Xia, F., Lin, E.-c., Lee, Y.-H., Kna-Cohen, S., & Menon, V. M.,
Strong light-matter coupling in two-dimensional atomic crystals. arXiv: 1406.4826.
(Submitted to Nature Photonics, under review)
3. Slootsky, M., Liu, X., Menon, V. M., & Forrest, S. R. (2014). Room temperature
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Frenkel-Wannier-Mott hybridization of degenerate excitons in a strongly coupled microcavity. Physical Review Letters, 112(7), 076401. (equally contributed authors)
4. Liu, X., Goldberg, D., & Menon, V. (2013). Formation of microcavity polaritons in
ZnO nanoparticles. Optics Express, 21(18), 532536.

B

MATLAB Codes for Key Functions and Models

B.1

1

Multi-layer Function

%% Calculates the reflectance (R), transmittance (T), and absorbance (A)

2

3

%% Input parameters:

4

% lambda = [1,n] vector of wavelength

5

% width = [1,m] vector containing the width of each layer

6

%

width(1) = top layer, width(end) = bottom layer

7

%

units must be the same as lambda

8

% index = [m+1,n] matrix of the refractive indices of each layer

9

%

index(i,j) = index of the ith layer at lambda(j)

10

%

index(m+1,:) = refractive index of the substrate

11

% angles = [1,k] vector containing angles of incidence in degrees

12

% varargin = optional parameter for polarization

13

%

14

%

15

% Uses functions: propagator, and transfer matrix

valid inputs are 'TE', 'TM', 'S', or 'P' default value = 'TE'
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16

%%

17

function [R, T, A] = multi layer(width, index, lambda, angles, varargin)

18

19

% check if polarization is specified

20

if nargin > 4

21

% set polarization

22

polarization = varargin{1};

23

else

24

% set default polarization

25

polarization = 'TE';

26

end

27

28

% defind nair

29

nair=1*ones(1,length(lambda));

30

31

% declare spectral variables

32

R = zeros(length(angles),length(lambda));

33

T = zeros(length(angles),length(lambda));

34

A = zeros(length(angles),length(lambda));

35

36

%%%% start calculations %%%%

37

38

% loop for each angle of incidence

39

for p=1:length(angles)

40

% convert to radians

41

angle = angles(p)*pi/180;

42
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43

% from air to first layer

44

S = transfer matrix([nair;index(1,:)],angle,nair,polarization);

45

46

% all other layers

47

for j=1:length(width)

48

% propagation matrix jth layer

49

Lj = propagator(lambda,width(j),index(j,:), nair, angle);

50

% tranfer matrix from layer j to (j+1)

51

Ijk = transfer matrix([index(j,:);index(j+1,:)], angle, nair, polarization);

52

53

% for each lambda

54

for k=1:length(lambda)

55

% transfer through layer j and into layer j+1

56

S(:,:,k)=Ijk(:,:,k)*Lj(:,:,k)*S(:,:,k);
end

57

end

58

59

60

% calculates R and T

61

R(p,:)=abs((S(2,1,:)./S(2,2,:))).ˆ2;

62

% T = (n subs *cos(theta subs)/(n 1 *cos(theta 1))*abs(t)ˆ2

63

T(p,:)=real(reshape(...

64

abs(S(1,1,:)+S(1,2,:) .* (-S(2,1,:)./S(2,2,:))).ˆ2, size(nair)).*...

65

sqrt(index(end,:).ˆ2-(nair*sin(angle)).ˆ2) ./ (nair*cos(angle)));

66

67

% absorbance

68

A(p,:)=1-R(p,:)-T(p,:);

69

end
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B.2

1

Make DBR

function [index, width] = make DBR(npair, wpair, N)

2

3

index = npair;

4

width = wpair;

5

6

for i = 1:(ceil(N)-1)

7

index = [npair; index];

8

width = [wpair width];

9

end

10

11

index = index(length(width)-length(wpair)*N+1:end,:);

12

width = width(length(width)-length(wpair)*N+1:end);

B.3

Transfer Matrix

1

function S = transfer matrix(index,angle,nair,varargin)

2

% returns transfer matrix for current interface

3

% inupt arguments: index matrix (containing index of currenr and next

4

% layer), angle of incidence, and index of air

5

6

% check is polarization is defined

7

if nargin > 3

8

switch lower(varargin{1})
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case {'s','te'}

9

10

% defines terms used in transfer matrix

11

qj=sqrt(index(1,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

12

qk=sqrt(index(2,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

13

% reflection and transmission coefficients

14

rjk=(qj-qk)./(qj+qk);

15

tkj=2*qk./(qj+qk);
case {'p','tm'}

16

17

% defines terms used in transfer matrix

18

qj=index(1,:)./index(2,:).*sqrt(index(2,:).ˆ2 - (nair.ˆ2)*(sin(angle))ˆ2);

19

qk=index(2,:)./index(1,:).*sqrt(index(1,:).ˆ2 - (nair.ˆ2)*(sin(angle))ˆ2);

20

% reflection and transmission coefficients

21

rjk=(qj-qk)./(qj+qk);

22

tkj=2*qj./(qj+qk).*index(2,:)./index(1,:);
otherwise

23

24

% if polarization is unknown, display error message

25

error(['''', varargin{1},'''', ' is not a valid polarization. ',...

26

'Valid input arguments are ''TE'', ''S'', ''TM'', and ''P''.'])
end

27

28

else

29

% if polarization is undefined, use defualt (TE)

30

% defines terms used in transfer matrix

31

qj=sqrt(index(1,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

32

qk=sqrt(index(2,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

33

% reflection and transmission coefficients

34

rjk=(qj-qk)./(qj+qk);

35

tkj=2*qk./(qj+qk);
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36

end

37

38

39

% creates transfer matrix

40

S(1,1,:)=1./tkj;

41

S(1,2,:)=-rjk./tkj;

42

S(2,1,:)=S(1,2,:);

43

S(2,2,:)=S(1,1,:);

B.4

Propagator

1

function P = propagator(lambda,width,index,nair,angle)

2

% creates propagator matrix

3

% input argumants: wavelength (lambda) width of layer (width), index of

4

% current layer (index), index of air (nair), angle of incidence (angle)

5

6

% n i *cos(theta i)

7

q=sqrt(index.ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

8

% perpendicular component of k

9

b=2*pi*q./lambda;

10

11

% creates propagator matrix P

12

P(1,1,:)=exp(i*b.*width);

13

P(1,2,:)=0;

14

P(2,1,:)=0;

15

P(2,2,:)=exp(-i*b.*width);

160

B.5

1

Single-layer Function

function R = single layer(lspacer, nspacer, nsubs, lambda)

2

3

% load and set indices

4

5

nair=1*ones(1,length(lambda));

6

%%%% define 6structure %%%%

7

8

index = nspacer;

9

width = lspacer;

10

index = [index; nsubs];

11

12

angles = [0];

13

S = zeros(2,2,length(lambda));

14

R = zeros(length(angles),length(lambda));

15

16

%%%% start calculations %%%%

17

18

19

for p=1:length(angles)
angle = angles(p)*pi/180;

20

21

% from air to first layer

22

23

24

qj=nair*cos(angle);
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25

qk=sqrt(index(1,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

26

27

rjk=(qj-qk)./(qj+qk);

28

tjk=2*qj./(qj+qk);

29

30

S(1,1,:)=1./tjk;

31

S(1,2,:)=rjk./tjk;

32

S(2,1,:)=S(1,2,:);

33

S(2,2,:)=S(1,1,:);

34

35

% all other layers

36

37

for j=1:length(width)

38

39

qj=sqrt(index(j,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

40

qk=sqrt(index(j+1,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

41

42

bj=2*pi*qj./lambda;

43

44

Lj(1,1,:)=exp(-i*bj.*width(j));

45

Lj(1,2,:)=0;

46

Lj(2,1,:)=0;

47

Lj(2,2,:)=exp(i*bj.*width(j));

48

49

rjk=(qj-qk)./(qj+qk);

50

tjk=2*qj./(qj+qk);

51
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52

Ijk(1,1,:)=1./tjk;

53

Ijk(1,2,:)=rjk./tjk;

54

Ijk(2,1,:)=Ijk(1,2,:);

55

Ijk(2,2,:)=Ijk(1,1,:);

56

for k=1:length(lambda)

57

S(:,:,k)=S(:,:,k)*Lj(:,:,k)*Ijk(:,:,k);

58

end

59

end

60

61

R(p,:)=abs((S(2,1,:)./S(1,1,:))).ˆ2;

62

63

%

64

end

trans = [lambda;R]

B.6

1

Electric Field Function

function [pos, Efield, nval] = Efield func(index,width,lambda,angle,steps,varargin)

2

3

% check if polarization is specified

4

if nargin > 5

5

% set polarization

6

polarization = varargin{1};

7

else

8

% set default polarization

9

polarization = 'TE';

10

end
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11

12

lambda res = length(lambda);

13

nair = ones(size(index(1,:)));

14

15

S = transfer matrix([nair;index(1,:)], angle, nair, polarization);

16

17

Sright = zeros(2,2,length(width),length(lambda));

18

19

bj = zeros(length(width),length(lambda));

20

21

for j=1:length(width)

22

% n j *cos(theta j)

23

qj=sqrt(index(j,:).ˆ2-(nair.ˆ2)*(sin(angle))ˆ2);

24

% k for jth layer

25

bj(j,:)=2*pi*qj./lambda;

26

% propagator for jth layer

27

Lj = propagator(lambda,width(j),index(j,:), nair, angle);

28

% transfer matrix from layer j to layer j+1

29

Ijk = transfer matrix([index(j,:);index(j+1,:)], angle, nair, polarization);

30

% total transfer matrix from the first to the jth layer

31

Sright(:,:,j,:) = S(:,:,:);

32

% for each wavelength

33

for k=1:length(lambda)

34

% transfer through the jth layer and into layer j+1

35

S(:,:,k)=Ijk(:,:,k)*Lj(:,:,k)*S(:,:,k);
end

36

37

end
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38

39

% declare vector

40

% layerpos(k) is the position of the top of the kth layer

41

layerpos = zeros(1,length(width)+1);

42

for k=1:length(width)

43

% postion of layer k+1 is the postion of kth + width of kth layer

44

layerpos(k+1)=layerpos(k)+width(k);

45

end

46

47

% declare variables

48

% [1,steps] vector of the position along the entire structure

49

pos=linspace(0,layerpos(end),steps);

50

% nval(i,j) = refactive index at pos(i) and lambda(j)

51

nval = zeros(steps,lambda res);

52

% reflection coefficient the entire structure for each lambda

53

r(1,1,1,:) = -S(2,1,:)./S(2,2,:);

54

% declare variable: Efield(i,j) = e-filed intensity at pos(i) and lambda(j)

55

Efield = zeros(steps,lambda res);

56

57

% for each position

58

for k=1:steps

59

% find the layer corresponding to pos(k)

60

for j=1:length(width)

61

% find layer in which pos(k) is located

62

if pos(k)<layerpos(j+1)

63

% j points to current layer

64

break;
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end

65

66

end

67

%dj=width(j);

68

% sets nval to the index of the layer

69

nval(k,:) = index(j,:);

70

% defines the depth from the beginning of the layer

71

x=pos(k)-layerpos(j);

72

% the amplitude of the forward traveling wave

73

tpos = Sright(1,1,j,:)+r.*Sright(1,2,j,:);

74

% the amplitude of the backward traveling wave

75

tneg = Sright(2,1,j,:)+r.*Sright(2,2,j,:);

76

% reshape them to have dimensions [1,lambda res]

77

tpos = reshape(tpos,1,lambda res);

78

tneg = reshape(tneg,1,lambda res);

79

% calculates the intensity

80

Efield(k,:)=(abs(tpos.*exp(i*bj(j,:)*x) + tneg.*exp(-i*bj(j,:)*x))).ˆ2;

81

end

B.7

Lorentzian Model

1

function [n, varargout] = Lorentzian model(lambda, E 0, B, Gamma)

2

E = 1240./lambda;

3

n ex = length(E 0);

4

eps 0 = 4;

5

terms = zeros(size(lambda));

6
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7

for j=1:n ex
terms = terms + B(j)./(E 0(j)ˆ2 - E.ˆ2 - i*Gamma(j)*E);

8

9

end

10

11

eps = eps 0 + terms;

12

eps 1 = real(eps);

13

eps 2 = imag(eps);

14

15

n real = sqrt((sqrt(eps 1.ˆ2+eps 2.ˆ2)+eps 1)/2);

16

n imag = sqrt((sqrt(eps 1.ˆ2+eps 2.ˆ2)-eps 1)/2);

17

18

n = n real + i* n imag;

19

20

if nargout == 2
varargout{1} = eps;

21

22

end

23

end

B.8

Lorentz-Drude Model

1

function varargout = LD(lambda,material,model)

2

% LD : Lorentz-Drude and Drude model for the dielectric constant of metals

3

%

DESCRIPTION:

4

%

This function computes the complex dielectric constant (i.e. relative

5

%

permittivity) of various metals using either the Lorentz-Drude (LD) or

6

%

the Drude model (D). Please note that the LD model provides a better
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7

%

8

%

fit with the exact values, therefore it is the default choice.
model

==> Choose 'LD' or 'D' for Lorentz-Drude or Drude model.

9

10

if nargin < 3, model = 'LD'; end

11

if nargin < 2, return; end

12

lambda = lambda*1e-9;% Convert wavelength to meters

13

% Physical constants

14

twopic = 1.883651567308853e+09; % twopic=2*pi*c where c is speed of light

15

omegalight = twopic*(lambda.ˆ(-1)); % angular frequency of light (rad/s)

16

invsqrt2 = 0.707106781186547;

17

ehbar = 1.519250349719305e+15; % e/hbar where hbar=h/(2*pi) and e=1.6e-19

18

% Lorentz-Drude model parameters for dispersive medium [1]

19

% N.B. Gamma and omega values are in eV, while f is adimensional.

20

switch material

21

% Lorentz-Drude model by default

% 1/sqrt(2)

case 'Ag'

22

omegap = 9.01*ehbar; % Plasma frequency

23

f =

24

Gamma = [0.048 3.886 0.452 0.065 0.916 2.419]*ehbar;% Damping frequency

25

omega = [0.000 0.816 4.481 8.185 9.083 20.29]*ehbar;% Resonant frequency

26

order = length(omega);% Number of resonances

27

[0.845 0.065 0.124 0.011 0.840 5.646];% Oscillators' strenght

case 'Al'

28

omegap = 14.98*ehbar;

29

f =

30

Gamma = [0.047 0.333 0.312 1.351 3.382]*ehbar;

31

omega = [0.000 0.162 1.544 1.808 3.473]*ehbar;

32

order = length(omega);

33

case 'Au'

[0.523 0.227 0.050 0.166 0.030];
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34

omegap = 9.03*ehbar;

35

f =

36

Gamma = [0.053 0.241 0.345 0.870 2.494 2.214]*ehbar;

37

omega = [0.000 0.415 0.830 2.969 4.304 13.32]*ehbar;

38

order = length(omega);

[0.760 0.024 0.010 0.071 0.601 4.384];

case 'Cu'

39

40

omegap = 10.83*ehbar;

41

f =

42

Gamma = [0.030 0.378 1.056 3.213 4.305]*ehbar;

43

omega = [0.000 0.291 2.957 5.300 11.18]*ehbar;

44

order = length(omega);

[0.575 0.061 0.104 0.723 0.638];

case 'Cr'

45

46

omegap = 10.75*ehbar;

47

f =

48

Gamma = [0.047 3.175 1.305 2.676 1.335]*ehbar;

49

omega = [0.000 0.121 0.543 1.970 8.775]*ehbar;

50

order = length(omega);

[0.168 0.151 0.150 1.149 0.825];

case 'Ni'

51

52

omegap = 15.92*ehbar;

53

f =

54

Gamma = [0.048 4.511 1.334 2.178 6.292]*ehbar;

55

omega = [0.000 0.174 0.582 1.597 6.089]*ehbar;

56

order = length(omega);
otherwise

57

error('ERROR! Not a valid choice of material in input argument.')

58

59

60

[0.096 0.100 0.135 0.106 0.729];

end
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61

% Drude model (intraband effects)

62

epsilon D = ones(size(lambda)) - ((f(1)*omegapˆ2) *...
(omegalight.ˆ2 + i*Gamma(1)*omegalight).ˆ(-1));

63

64

65

% Lorentz model (interband effects)

66

switch model

67

case 'D'

% Drude model

epsilon = epsilon D;

68

case 'LD'

69

% Lorentz-Drude model

70

epsilon L = zeros(size(lambda));

71

% Lorentzian contributions

72

for k = 2:order
epsilon L = epsilon L + (f(k)*omegapˆ2)*...

73

74

(((omega(k)ˆ2)*ones(size(lambda)) - omegalight.ˆ2) -...

75

i*Gamma(k)*omegalight).ˆ(-1);

76

end

77

% Drude and Lorentz contributions combined

78

epsilon = epsilon D + epsilon L;
otherwise

79

error('ERROR! Invalid option. Choose ''LD'' or ''D''')

80

81

end

82

% Output variables

83

switch nargout

84

85

case 1 % one output variable assigned
varargout{1} = epsilon;

86

87

case 2 % two output variables assigned
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88

varargout{1} = real(epsilon);

% Real part of dielectric constant

89

varargout{2} = imag(epsilon);

% Imaginary part of dielectric constant

90

case 3 % three output variables assigned

91

92

varargout{1} = real(epsilon);% Real part of dielectric constant

93

varargout{2} = imag(epsilon);% Imaginary part of dielectric constant

94

varargout{3} = invsqrt2*(sqrt(sqrt((varargout{1}).ˆ2 +...

95

(varargout{2}).ˆ2) + varargout{1}) +...

96

i*sqrt(sqrt((varargout{1}).ˆ2 +...

97

(varargout{2}).ˆ2) - varargout{1})); % Complex refractive index

98

otherwise

99

error('Invalid number of output variables; 1,2 or 3 output variables.')

100

end

B.9

Dispersion Fitting Function

1

function error = dispersion fit function(x)

2

V1=x(1);

3

E0=x(2);

4

n=x(3);

5

E1=x(4);

6

7

datapts = importdata('Refl dispersion 2013-11\dispersion 378.txt');

8

angles = datapts(:,1);

9

vals = datapts(:,2:3);

10
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11

% plot(angles, vals)

12

theta=angles*pi/180;

13

Eph=E0./sqrt(1-(sin(theta)/n).ˆ2);

14

result = zeros(length(Eph),2);

15

16

for i=1:length(Eph)
H=[Eph(i),V1;V1,E1];

17

18

%

result(i,:)=fliplr(eig(H)');

19

20

result(i,:)=real(roots(poly(H)))';

end

21

22

k=1;

23

for i=1:length(Eph)
for j=1:2

24

if ~isnan(vals(i,j));

25

error(k)=abs(result(i,j)-vals(i,j));

26

27

end

28

k=k+1;
end

29

30

end
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J. Zuñiga Pérez, F. Semond, D. Lagarde, F. Médard, and J. Leymarie. Hybrid cavity
polaritons in a ZnO-perovskite microcavity. Phys. Rev. B, 84(19):195449, November
2011.
[88] Yi-Hsien Lee, Lili Yu, Han Wang, Wenjing Fang, Xi Ling, Yumeng Shi, Cheng-Te
Lin, Jing-Kai Huang, Mu-Tung Chang, Chia-Seng Chang, Mildred Dresselhaus, Tomas
Palacios, Lain-Jong Li, and Jing Kong. Synthesis and transfer of single-layer transition
metal disulfides on diverse surfaces. Nano Lett., 13(4):1852–1857, April 2013.
[89] Yi-Hsien Lee, Xin-Quan Zhang, Wenjing Zhang, Mu-Tung Chang, Cheng-Te Lin, KaiDi Chang, Ya-Chu Yu, Jacob Tse-Wei Wang, Chia-Seng Chang, Lain-Jong Li, and

181
Tsung-Wu Lin. Synthesis of large-area MoS2 atomic layers with chemical vapor deposition. Adv. Mater., 24(17):2320–5, May 2012.
[90] Feng Li, L. Orosz, O. Kamoun, S. Bouchoule, C. Brimont, P. Disseix, T. Guillet, X. Lafosse, M. Leroux, J. Leymarie, M. Mexis, M. Mihailovic, G. Patriarche,
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